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ox THE DYNAIvIICS OF PHOTOSYNTHESIS. 

By AV. J. V. OSTERHOBT ant) A. R: C. HAAS. 

{From the Laboratory of Plant Physiology, Ilorrard Uiihersity, Cambridge.) 

(Received for publication, July 8, 1918.) 

Although a great deal of attention has been paid to photos\Tithcsis, 
nothing is known of the dj-namics of the process. This aspect of the 
matter especially deserves investigation as furnishing a new point of 
attack upon this difficult problem. 

We cannot analyze the dj-namics of photosjmthesis without first 
securing accurate data. A preliminary difficulty lies in the control 
of temperature; when leaves of land plants are exposed to sunlight, 
changes of temperature at once take place in the leaf and it is found 
that even under favorable conditions of control the temperature of 
the leaf may fluctuate as much as 10°C. in a half hour period. To 
avoid this difficulty, the miters have employed certain aquatic plants, 
which form thin layers or filaments, whose temperature can be regu- 
lated to a sufficient extent for the purposes of the investigation. 

The fronds of the marine alga, Ulva rigida (sea lettuce), are so useful 
. for this purpose that most of the experimental work was confined to 
them, although other material was used for comparison. These 
fronds consist of only two layers of cells and are so thin (about 0.078 
mm.) that their temperature remains verj* close to that of the sur- 
rounding liquid. A further advantage of thin fronds is that gaseous 
exchange is extremely rapid. 

The e.xperiments on Ulva were carried on at the Marine Biolog- 
ical Laboratory at Woods Hole during ,the month of August 
when an abimdant supply of excellent material was available. 

To obtain data for the study of dynamics it is necessarj’^ to deter- 
mine at frequent mtervnls how much photosynthesis has taken place. 
None of the available methods was satisfactory for our purpose. 
The method of counting bubbles is open to serious objections while 
the method of analyzing the gases in solution, as developed by Black- 
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man and Smith, ^ is not sufficiently accurate and convenient. The 
difficulty was solved by developing a method which depends on the 
fact that as the plants abstract carbon dioxide from the solution 
it becomes more alkaline. 

In collaboration with Loeb^ one of the authors had observed that 
certain marine algje when exposed to sunUght cause the sea water to 
become more alkaline. Similar observations had been previously 
made by various observers’ upon fresh water plants in solutions con- 
taining bicarbonates. If bicarbonates are absent, little or no effect 
is observed. The greater degree of alkalinity produced in the pres- 
ence of bicarbonates is due to the fact that the plants abstract CO» 
from bicarbonates. Thus in sea water (which normally contains car- 
bonates and bicarbonates) the alkalinity produced in this way ma}”^ 
amount to more than pH = 9 . 

In the case of marine plants it is not necessary to add bicarbonates, 
since the sea water contains a sufficient amount. Such plants can 
therefore be studied in their natural environment, which is a distinct 
advantage over the methods hitherto employed, in which concentra- 
tions of CO2 greatly in excess of the normal were maintained during 
the experiments. 

In this connection it may be mentioned that some authors state 
that the concentration of free CO2 is about the same in solutions con- 
taining carbonates and bicarbonates as in the air above and that 
plants in such solutions have no more CO2 at their disposal than land 
plants. Aside from the fact that the amount of free CO2 in sea water 
is not known, they seem to overlook the fact that ivhen free CO2 
is abstracted from a solution of carbonates and bicarbonates it is at 
once partially replaced as the result of the dissodation of the carbon- 
ates and bicarbonates, so that the plant receives at once what other- 
wise must be more slowly supplied by diffusion. The carbonates and 
bicarbonates constitute a reservoir of CO2 which maj’^ be depleted by 
photosynthesis during the day and filled up during the night by 

Blackman, F. F., and Smith, A. M., Proc. Roy. Soc., Series Isxriii, 374. 

’ Loeb, J., The dj'namics of living matter, Nen- York, 1906, 98. Cf. Moore, B., 
Prideaux,E. B. R., and Herdman, G. A., Proc. and Tr. Liverpool Biol. Soc., 1915, 
xxix, 233. 

’ Czapek, F., Biochemie der Pflanzen, Jena, 2te Aufl., 1913, i, 519. 
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diffusion from the air. The amount of CO; at the immediate disposal 
of the plant therefore depends largeh' on the amount of carbonates 
and bicarbonates present. 

The usefulness of carbonates and bicarbonates in this connection 
is greatly increased by the fact that the plants arc able to split them 
so as to extract from them much more CO; than can be removed by 
bubbling a stream of hydrogen through the solution. 

In order to measure the degree of alkalinity produced by Uha, a 
piece of the frond was placed in a tube of Pyrex glass* (about 12 mm. 
in diameter and about 5 cm. long) in such a manner that it completely 
covered the inside of the tube for the greater portion of its length. 
Fronds were chosen which were sufficiently stiff, so that their onm elas- 
ticity caused them to remain pressed against the inner surface of the 
glass tube even when liquid was poured in and out or shaken back and 
forth in the tube. 

The glass tube was sealed off at one end, while at the other it was 
furnished with a short piece of rubber tubing covered \vith paraffin.® 
The covering of paraffin was continuous and care was taken to renew 
it frequently. 

After placing the frond in the tube, the latter was filled with sea 
water containing indicator® and the rubber tube was clamped shut. 
In some cases a small bubble of air was left in the tube to act as a 
stirrer; in other cases the tube was completely filled rvith sea water 
and the stirring was effected by a small piece of paraffin or by a glass 
bead covered with paraffin. 

In order to determine the degree of alkalinity produced by photo- 
synthesis two methods were used. In the first, the indicator was 
added to the sea water containing Ulva after a definite e.xposure to 

* This glass was chosen because it does not give o5 measurable quantities of 
alkali during the period of the experiment. 

® It is necessarj* to use paraffin which will not give off measurable quantities 
of acid dutmg the time of the experiment. For this purpose paraffin of a high 
melting pomt is usually advantageous. Rubber should be used which gives off 
the minimum amount of acid ; the rubber used in these e.xperiments was repeatedly 
boiled before using. 

® Ten drops of saturated alcoholic phenolphthalein was added to 1 liter of 
sea water. This makes the concentration of alcohol 0.0067 ir and that of phenol- 
phthalein 0.0001 II. 
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sunlight; in the second, the indicator v.'as added to the sea water 
before the exposure began. In the latter case there was a possibilit}'- 
that the presence of the indicator might affect the amount of photo- 
sjmthesis but it was found by control experiments that this was not 
the case with the concentrations employed in these experiments. 

There is an advantage in adding the indicator at the start since this 
permits us to compare the times required to produce a given amount 
of change imder different conditions. A comparison of the values 
thus obtained is more valuable than a comparison of the amounts 
of CO2 abstracted during equal times, for the former procedure com- 
pares the reaction velocities accurately while the latter may not. 
In case the indicator is added at the end, instead of at the beginning, 
curves may be constructed (plotting CO2 against time) from which the 
time required for equal changes in alkalinity may be obtained bj”^ inter- 
polation. 

In case any substance is added to the solution which changes its 
buffer value, due allowance must be made for this fact. An apparatus 
for determining the buffer action of added reagents has recent!}'- been 
described by one of us.^ 

It was found by preliminary experiments that the amount of CO2 
abstracted by the plant was an approximately linear function of the 
pH value (in the range here employed, between pH S.l and pH 8.3). 

It was necessary to ascertain whether the degree of alkalinity pro- 
duced was a reliable measure of thp amount of photosynthesis. This 
was done by making simultaneous determinations of the degree of 
alkalinity and the amount of oxygen evolved (by a modification of 
Winkler’s method recently described by us®). The results show that 
the amount of photosynthesis, as indicated by the evolution of oxygen, 
is approximately a linear function (in this range) of the change in the 
pH value of the sea water. This being so we can measure the amount 
of photosynthesis by determining the change in pH value regardless 
of any possible complications, such as excretion of alkali by the plant. 

Since the plants produce CO2 by respiration this must be taken into 
consideration. Experiments conducted under precisely the same con- 
ditions, except that light was excluded, showed that the respiration was 

’ Osterhout, W. J. V., J. Biol. Chem., 191S, x.WlW, 237. ’ 

® Osterhout, W. J. V., and Haas, A. R. C., J. Biol. Chan., 1917, x.x.xii, 141. 
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practically constant. It is, therefore, eas}’ to make a correction for it. 
It does not affect the form of the cur\-e of photosynthesis found in the 
present investigation. That no acid other than carbonic is given off 
by the plant is shown by e.xperiments in the dark in which the acidity 
produced was completely removed by a stream of hydrogen. 

In order to ascertain how much photosjmthesis had taken place 
after a definite time the pink color produced by the Vl'ca was matched 
against the colors of a series of Pyrex glass tubes® (of the same size) 
containing the same concentration of indicator in a series of buffer 
solutions of knorni alkalinity.'® The matching was done under a 
“Daylight” lamp, which is invaluable for this purpose. 

In this way the degree of alkalinity produced may be easily ascer- 
tained and since this corresponds to the amount of oxygen evolved, 
it gives us a direct measure of photos>mthesis, pro\nded we know the 
amount of CO- corresponding to the observed changes in alkalinity. 
This may be determined by the method referred to above." 

In order to cany* out such investigations as the present one or to 
stud\' the effects of temperature, light intensity, etc., it is not necessarj- 
to know the amount of CO; abstracted; it is sufilcient to compare the 
time required to produce the same change in the color of the indicator 
under different conditions. 

The experimental procedure was as follows: Young, •v'igorous 
plants of TJha (deep green in color and not over 4 inches in diameter) 
were collected in the afternoon and placed in running sea water in the 
laboratory-. In the evening they were covered with a dark screen 
so that the morning light could not reach them. On the foUow-ing 
morning the plants were placed in a water bath at 27° C. and allowed 
to come to the temperature of the bath. 

® These tubes were prepared and clamped shut in precisely the same manner 
as the tubes containing Vlxa. 

'®Cf. Sorensen, S. P. L., Biochem. Z., 1909, sed, 131; Erge&n. Physiol., 1912, 
xii, 393. Hoeber, R., Physikalische Chemie der Zelle und der Gewebe, Leipsic,' 
•1th edition, 1914, 169. Bayliss, A\ . M., Principles of general phvsiologv, >few 
York, 1915, 203. 

For the pH values needed in these investigations mixtures of 0.05 n borax and 
0.2 SI boric acid (to each liter of boric acid 2.925 gm. NaCl is added) are useful. 
The following table gives the pH values of a series of mLxtures (Palitzsch, S., 
Bwchem. Z., 1915. Lxx. 333; Compt. rend. lab. Carlsbcrg, 1916, xi, 199). Cf'. 
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The experiment was started in the follomng manner. Whej 
everything (plants, sea water, and tubes) had come to the tempera 
ture of the bath, the plants were placed in the tubes, the rubber tube 
W’ere clamped' shut, and the tubes were then placed in the bath so tha 
the}" were about half an inch below the surface of the water, making ai 
angle of about 20° with the surface, and exposed to direct sunlight. 

Under these circumstances the alga receives abundant sunlight fo; 
photosynthesis. The amount of sunlight is affected by reflectioi 
from the surface of the water and the amount of reflection is influ 
enced by the movement of the water due to stirring.. But this is £ 
fairly constant factor and of negligible importance. The effect 
of stirring can be ob^^ated by placing a sheet of glass in contact with 

McClendon, J. F., Gault, C. E., and Mulholland, S., Carnegie Insiihtlion of TT^ay/; 
inglon, Piiblicalioii 251, 1917, 21. 


0.2 M boric 

0.05 M borax. 

pH 

acid. 



cc. 

CC. 


0 

10 

9.24 

1.0 

9.0 

9.11 

2.0 

8.0 

8.98 

3.0 

7.0 

8.84 

4.0 

6.0 

8.69 

4.5 

5.5 

8.60 

5.0 

5.0 

8.51 

5.5 

4.5 

8.41 

6.0 

4.0 

8.31 

6.5 

3.5 

8.20 

7.0 

3.0 

8.08 

7.5 

2.5 

7.94 

7.7 

2.3 

7.88 

8.0 

2.0 

7.78 

S.5 

1.5 

7.60 

9.0 

1.0 

7.36 

9.4 

0.6 

7.09 

9.7 

0.3 

6.77 


By plotting the cc. of borax as ordinates and the pH values as abscissa: a curve 
is obtained from which intermediate values can be obtained by graphic interpola- 
tion. From the pH values found in sea water 0.21 must be subtracted on account 
of the “salt error.” In the present investigation these values were carefully 
checked by means of the hydrogen electrode. 
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the surface so as to eliminate ripples, or by using in place of the tub a 
tank w*ith a vertical glass wall against which the tube is held m such a 
way that the light falls upon the tube after passing through the glass 
wall. 

The temperature of the bath was kept constant within TC. There 
was no need of more accurate control of temperature under the condi- 
tions of the experiment. A thermometer was inserted into the tube 
in many of the experiments.” On e.xposure to sunlight the tempera- 
ture of the tube rose and remained slightly above that of the bath, 
but under the conditions of the experiment the difference was almost 
constant. Since the tissues used were so extremely thin, it is safe to 
assume that the temperature of the tissues was practically the same 
as that of the liquid in the tube. 

The tube containing Uka was allowed to remain in sunlight, 
with occasional shaking to stir its contents, until a standard shade of 
pink was produced which matched that of a selected buffer solution 
(for purposes of matching a clear space was left in the tube above or 
below the frond). \\Tien the color of the tube ^^'as seen to be closely 
approaching that of the selected buffer solution, the tube was removed 
for an instant from the bath, shaken, and placed beside the selected 
buffer solution under the “Daylight” lamp. If the tint was not as 
deep as that of the buffer, the tube was returned to the bath. As 
soon as the desired tint was reached the time was noted, the sea water 
was emptied from the tube, and a fresh sample of sea water (containing 
indicator) was poured in. The tube was again exposed to sunlight and 
the time required to produce the same tint was noted. This proce- 
, dure was repeated as often as necessary. 

The experiments were carried out on cloudless days during the 
month of August. In case clouds interfered with the sunlight at 
any time during the course of the experiment the whole experi- 
ment was rejected. At first it was feared that the increase in the 
intensity of the sunlight during the morning and its decline during the 
afternoon might affect the results. In order to ascertain whether this 
was the case the e.xperiments were started at various times during the 

” The glass of the thermometer did not give off sufficient alkali to affect the 
results. 
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day. It was found that if the work was done between 9 a.m. and 4 
p.m. the changes in the intensity of the sunlight might be neglected. 

The results obtained are given in Table I, which represents the 
average of five experiments, and are illustrated in Fig. 1. 

It is evident from Fig. 1 that the rate increases rapidly at first, 
then more and more slowly Until it finally ceases to increase. From 
this point onward a steady rate is maintained.'^ The result is sur- 
prising, but in view of the fact that it has been confirmed by numerous 
experiments with l/lva as well as bj’^ experiments on Enteromorpha, 
Spirogyra, Bydrodictyon, Potamogcton, and other plants'’ it seems to be 
well established. 


TABLE I. 


Period, 

Time required to 

Total tirtic exposed. 

Amount of photosynthesis. 

1 

1 


Observed. 

Calculated. 

1 

1 

35.7 

tnin. 

35.7 

1 

0.92 

2 

25.9 

61.6 

2 

2.07 


23.3 

84. 9 

3 

3.18 

4 

21.7 

106.6 

4 

4.23 

S 

20.4 

127.0 

5 

5.23 

6 

20.3 

147.3 

6 

6.22 

7 

20.5 

167.8 

7 

7.22 

1 


Average of five e.xperiments at 27°±0.5‘’C. 


Two questions of great interest now present themselves. First, 
why does the rate increase at the start?'* Second, why does it finally 
become stationary? 

This steady rate is not the same for each piece of frond but each piece is fairly 
constant in its rate, so that if the material is kept over night it will be found the 
ne.xt morning that different pieces may start out at different rates, but the steady 
rate which each piece finally attains is practically the same as the steady rate 
which the same piece had the day before. In fact it is possible to recognize the 
various pieces by this means. 

'’ In e.Tperiments on fresh water alga: a small amount of sodium bicarbonate 
was added to the water. 

'* This acceleration is not due to the increase in the intensity of light as the sun 
gets higher for it was also observed when the experiments were started at noon. 
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- The susgestion which first offers itself is that photosjTithesis be- 
longs to the class of autocatalytic processes, in which the reaction is 
aatalyzed by one of its oa^ti products. Such reactions begin slowly 
but as more of the catalyzing substance is produced the reaction goes 
on at an increasingly rapid rate until it begins to slow down as the 
reacting substances arc used up. If these substances are constantly 
renewed, the reaction will not slow down but continue to go on more 
and more rapidly. 

PHOTOSYKTHESB 



Fig. 1. Cur\-e showing that where Uha is exposed to light the speed of photo- 
s\Tithesis increases until a steady rate is attained. The dotted line expresses a 
uniform rate. 

In our experiments on photosynthesis the reacting substances are 
constantly renewed.’* The substances entering into the reaction are 
presumably carbon dioxide and water. The concentration of the 
water remains constant, while as soon as the concentration of the car- 
bon dioxide has diminished by a very small amount it is brought back 
to the original point by the renewal of the sea water. 

’’When the sea water is not changed during the experiment the curve rises 
more rapidly at first, then bends over to the right as the supply of CO2 is used up. 
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If photos}Tithesis were an autocataiytic reaction, the amount of 
catalyzer should increase in the manner indicated in Fig. 2 and, under 
these conditions, the process should continue to increase in speed as 
time goes on. As a matter of fact it soon attains a steady rate. This 
might be accounted for by supposing that the concentration of the 
catalyst cannot exceed a certain amount, being limited by its. own 
solubility. But in that case the rate would increase more and more 
rapidly up to a certain point and suddenly become stationar}' when the 
limit of solubility was reached, the curve of the catal3’-st being like that 
shown m Fig. 3.*® This is not the case. The rate increases rapidlj”^ at 
first then more and more slowlj'- until it finally becomes stationary. 




Fig. 2. Curve showing increase in the amount of the catalyst when the reac- 
tion is autocataiytic (C, catalyst; T, time). 

Fig. 3. Curve showing behavior of the catalyst when its concentration is 
limited by such a factor as solubility (C, catalyst; T, time). 

It might be supposed that the speed of the reaction is checked by the 
accumulation of the products of the reaction. In that case, however, 
the rate would not become constant but would gradually dimmish to 
zero. Such influence of the products would be possible onlj* in the 
case of a reversible reaction and we have no ground for believing that 
photos)’nthesis comes under this head.*" 

*® This is because the catalyst from the moment of its production is in solution. 
It is not analogous to a solid going into solution, which dissolves more slowh' as 
the limit of solubility is approached. 

While respiration is in a sense the opposite of photosynthesis the steps in the 
process are apparently quite different from those found in photos 3 -nthesis. 
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It might also be suggested that the rate becomes constant through 
the operation of a “limiting factor” such as lack of light, carbon 
dioxide, or of temperature. But it is evident that the effect of such a 
factor would be fully felt at the very start of the reaction and that it 
could not cause a gradual falling off in the increase of speed. 

This puts clearly before us a fundamental difficulty. The fact that 
the rate increases most rapidly at first and then more slowly shows that 
photosjmthesis is not an autocatalytic reaction in the usual sense of the 
word, for in such a reaction^* the rate would increase slowly at first, 
then more and more rapidly as tune goes on. We must therefore con- 
clude that photosynthesis belongs in a different categorj'. 



produced by the monomolecular reaction A—^C (C, catalyst; T, time). 


The key to the situation is furnished by the figures in the second 
column of Table I, which show that if the reaction is catalyzed by a 
substance, it must be produced more rapidly at first and then more and 
more slowly. It is also exadent that this substance must be limited 
in amount and that when its production ceases the rate of photosjm- 
thesis becomes constant. We may assume that the rate of photo- 
sjmthesis is proportional to the amount of the catalyst, which we will 
call C. The figures suggest that this substance may be produced in 
the manner characteristic of a monomolecular reaction as shown in 
Fig. 4. We may therefore assume that C is produced by a substance 
A, under the influence of sunlight, according to the monomolecular 
reaction: A-^C. 

under the conditions of the present e.xperiment, where the reacting sub- 
stances are kept approximately constant in composition. 
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We may now test this assumption by calculating the amount of 
photosjmthesis which is to be expected after the lapse of a given time. 
According to the ordinary equation for a monomolecular reaction, 

C = A — Ac~^^ 

in which T is time, e is the basis of natural logarithms, and K is the 
velocity constant of the reaction. 

We may denote the amount of photosjmthesis by P. If the rate 
of photosjmthesis is directly proportional to the amount of C, we may, 
for convenience, put 


hence 

dT 


On integration this becomes 





When the rate has become constant we find that a unit amount of 
photosynthesis is produced in 20.4 minutes (average of the last 3 
periods in Table I), hence the rate of photosjm thesis at that time is 
1 20.4 = 0.049. This is by assmnption equal' to C when A is 

completely transformed into C and this is in turn equal to A at the 
beginning of the reaction. Hence A at the start = 0.049. We maj"^ 
substitute this value in the equation and find the value of K by trial. 
If we put K = 0.049 we get the values given in Table I. Better 
agreement with the obseiY^ed values is obtained by taking lower 
values of K. This produces a gradual falling off in subsequent values, 
but it is possible that this might actually occur if the experiment could 
be continued for a sufficient length of time. 

The agreement between the obser\^ed and the calculated values is 
very satisfactorj' except at the start. In this connection it may be 
pointed out that at the beginning of a reaction disturbances are to be 
expected. 

It is therefore eAudent that the assumption justifies itself by gi\dng 
an adequate quantitative explanation of the observed results. The 



W. J. V. OSTERHOUT ANT) A. R. C. HAAS 


13 


question then arises whether it is a natural one. It would seem very 
probable that the light produces a substance which accelerates the 
reaction and unless this substance is produced in unlimited amount 
there must come a time when the rate will become steady (or fall off) . 
The assumption therefore seems to be reasonable. 

It is attractive to form a hypothesis as to the nature of the catalyst. 
One might be tempted to suppose that it is chlorophyll but for the 
fact that some plants which are deep green may not photosjTithesize 
as rapidly as those which possess less chlorophyll.' “ It is of course 
possible that the less active plants are deficient in some essential 
factor other than chlorophyll. On the other hand it may be nccessarr' 
for chlorophyll to be transformed by the light from an inactive into 
an active form 3® so that the rate of photos\-n thesis depends on the 
amount of “active chlorophyll” present. This would be analogous to 
the well knouTi activation of enzjmes by various means. 

.\ii equally satisfactorj’ quantitative explanation is obtained if we 
suppose the amount of photosj-nthesis to correspond to the amount 
of a substance P, produced (under the influence of h'ght) b\' the 
monomolecular reactions 

in which 5 represents a constant source (i.c., a substance which does 
not appreciablj- diminish during the experiment). 

Let us suppose that in the morning, before the frond is e.xposed to the 
light, S alone is present. On exposure to light the formation of -1/ 
and P begins. The amount of M will then increase until it reaches a 
constant value (when its rate of formation is equal to its rate of decom- 
position) but the value of P will continually increase, since it does not 
undergo decomposition. When il has reached a constant value we 
find (putting K as the velocity constant of the reaction M — > P) 
that the amount of M decomposed in 1 minute (unit time) is KM; 
this is also the amount of P which is formed in I minute, and since the 
reaction 5 M produces just enough of M to balance the loss of M 
(br transformation into P) the amount of il/ produced each minute 

” Aquatic plants taken directly from ice<overed ponds in winter are found to 
possess but feeble photosj-nthetic power, though of a deep green color. 

''“^uch activation of substances by light is well known in photochemistry-. 
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is KM. Hence if we start in the morning with 5 alone there will be 
produced each minute KM and all of this will be transformed into P 
except what is present at any moment as M. Hence the amount of 
P produced in the time T is KMT — M. 

When M has attained its constant value, we may, for convenience, 
put M = 1. The rate of increase of P is then constant and we find 
from the table that it takes 20.4 minutes to produce one unit of photo- 



Fig. 5. Curve to illustrate that, as M decomposes in monomolecular fashion to 
form P, the amount of M left at any given time, T, is e~^'^ and the amount of P 
is 1— The absciss® represent time; the ordinates the amount of M. 
At the start of the reaction ^/= 1. 

sjmthesis; hence ifMP = 1. Substituting in this equation the values 
of M and T we have 20.4 iC = 1, whence K = 0.049. 

At the start of the reactioh the value of j)/ is 0; this gradually in- 
creases to 1 and remains constant. Durihg this period of increase 
the value of M may be calculated as follows: When M has reached its 
constant value {M = 1) let us suppose that the reaction S~^ M sud- 
denly stops while M -* P continues; we shall find that if T minutes 
have elapsed after this occurrence, the amount of M which has dis- 
appeared is 1 — e (see Fig. 5). If the reaction S —* M had not 
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Stopped it would have produced enough of M so that (in spite of the 
fact that Jlf is constantly decomposing) the amount of M remaining 
at the time, T, would be just enough to balance the loss, or 1 - c ^ . 
Hence if we start with nothing but 5 (the values of M and of P being 
0)the amount of M present after the lapse of any given time T will 
be 1 — and the amount of P will be 

This is the same as the equation 


. when in the latter we put A' = .4 as was done in making the calcula- 
- tions given in Table I. Hence when we substitute the value K = 
0.049 in the equation P - KT — (1 — we obtain the values 

alreadj’ given in Table I. 

If the chlorophyll takes part in the reaction by decomposing or by 
combining (as some recent e\ddence indicates), we might suppose 
that ^ represents inactive chlorophyll, if active chlorophyll, and P 
a derived substance which combines with CO;. At present it does not 
seem profitable to attempt a more extended discussion of this question. 
But it may be pointed out that (as one of us has recently emphasized)-^ 
consecutive reactions of the tj-pe here discussed are to be looked upon 
as the rule, rather than as the exception, in li\Tng matter. 

It is evident that either of the theories developed above gives a 
quantitative explanation of the results. Both seem to be based on 
reasonable assmnptions. Future investigation must decide which is 
more useful. 

In any event, it is clear that much is to be learned concerning the 
dynamics of photosynthesis, and it is hoped that the considerations 
here set forth may be of value in this coimection. 

SUitUARY. 

Minute amounts of photosynthesis in marine plants can be accu- 
rately measured by adding a little phenolphthalein to the sea water, 

■' Osterhout, J. Biol. Chem., 1917, xxxi, 585; xxxii, 23. 
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and observing changes in the color of the indicator. In the case of 
fresh water aquatics bicarbonates are added. 

By this method it is found that Uha which has been kept in the 
dark begins photosynthesis as soon as it is exposed to sunlight and that 
the rate steadil}'^ increases until a constant speed is attained. 

This may be explained bj’- assuming that sunlight decomposes a 
substance whose products either catalyze photosrathesis or enter 
directly into the reaction. 

Quantitative theories are developed in order to account for the 
facts. 



A jMETHOD of studying RESPIIU'^TION. 

By W. J. V. OSTERHOUT. 

{From the Laboratory oj Plant Physiology, Hanard Uiuvcrstly, Cambridge.) 
(Received for publication, July 2, I9IS.) 

In 1915 the "writer suggested to Dr. Haas the desirability of e.'cperi- 
ments "with indicators with a ww to measuring the amount of CO* 
given off by organisms. The method finally developed by Dr. Haas' 
in the writer's laboratory consists in adding the indicator directly 
to the liquid in "which the organism is placed. The indicator is 
usually present at the start, but in some instances it is not added until 
after the COi has been produced. 

The method is simple, accurate, and e.vtremely satisfactory' but it 
has ob-vnous limitations. It is restricted to the use of aquatic organ- 
isms and furthermore it does not permit us to study the effect upon 
respiration of reagents which have a pronounced acid or alkaline reac- 
tion. There are also difficulties in using organisms or tissues which 
give off alkali or add (other than COj). In addition, the use of small 
suspended organisms "which color the solution must be avoided. 
A further disadvantage is that some reagents cause organisms to give 
off coloring matters which interfere with the results. The use of toxic 
indicators also presents difficulties. 

These difficulties may' be ob\-iated by' means of an apparatus 
designed by the "writer. The purpose of the present article is to make 
clear the prindple employ'ed and to describe a simple form of the 
apparatus without mentioning other forms or discussing the modifi- 
cations of mechanical details which are of importance for special 
purposes. 

The apparatus shown in Fig. 1 consists of a bottle, A, in w'hich 
the organisms are placed; the CO 2 which they' exhale passes out of A 
through D into the indicator solution- in the Pyrex glass tube, B,’ 

* Haas, A. R. C., Science, 1916, xliv, 105. 

= The tube which dips into the indicator solution should be of Pyrex glass. 
This glass is chosen because the amount of alkali given off is negligible. 

’This tube should be about J inch in diameter; the stopper should be covered 
with a paraffin which does not give off acid. 
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returning through the rubber syringe, F,-* into A. A constant cir- 
culation® is kept up by the motion of K, each downiward movement 
of which compresses the sjuinge, F, forcing a stream of bubbles® 
through the indicator solution in B; K is attached at one end to the 
hinge, L, and at the other to the connecting rod, G, which moves 
when H is made to revolve by means of a small motor. The syringe, 



Fig. 1. Apparatus for the measurement of respiration and of photosyn- 
thesis. The organisms are placed in A; by compressing the s>Tinge, F, the CO2 
is forced through the indicator solution in B, returning through F into A. The 
wheel, H, is caused to rotate by means of a motor; the resultant motion of K 
compresses F and keeps up a constant circulation of gas. 


< This has valves at the outlet and inlet. In place of the syringe a tambour- 
bellows, pump, miniature fan, or other simple device may be employed. 

‘ It is desirable to have the gas circulate at a constant rate. The rate may be 
controlled in a number of ways; it maj' be tested by obsen’ing the rate at which 
the color of the indicator changes, when a stream of air, free from CO3, runs 
through it. 

' If the stream of bubbles does not flow satisfactority some of the solution may 
be removed so that the top of the tube is brought nearer to the surface. Inclining 
the tube, B, may assist in freeing the bubble as it issues from the tip of the tube. 
The compression of the syringe may also be increased and a syringe -ndth stifler 
walls may be used. If this does not produce the desired result the elasticity of the 
system must be increased by making the rubber connections longer, or by using 
softer rubber; or, better, a small elastic bulb may be introduced at any convenient 
place. 
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F, rests upon a board rvhicli is held in position by a support not show n 
in the drawdng. The amount of compression of F can be varied either 
by shifting F or by altering the point at which G is attached to H. 

A and B are provided with tightly fitting stoppers into which tlie 
tubes are fastened in air-tight fashion. All other connections should 
likewise be air-tight. 

The carbon dioxide produced by the organism is absorbed witli sur- 
prising rapidity by the indicator solution, provided a rapid circulation 
of air is maintained. This is e\'ident from the fact that when known 
amounts of CO; are introduced into A the CO; is at once carried over 
into B and equilibrium is quickly established. 

Ordinarily it is not important to know the absolute amount of CO; 
produced by the organism, since we are concerned only witli compara- 
tive values. If for example we wish to compare the normal rate of 
respiration with the rate under the influence of ether, we proceed as 
follows; IVe place the organisms in A and close the clamp. D‘, opening 
C and E so that the air passes through the U-tube* (containing an 
absorbent of CO;, such as lumps of NaOH)® into the indicator solution 
in B. The indicator solution may consist of distilled water (free from 
CO;) to which enough NaOH has been added to make its pH value 
about 7.3; phenolsulfonephthalein is added, so that the solution 
becomes pale pinkish in color. As the gas passing into B is practically 
free from CO; little or no change will be produced by its circulation; 
it should, however, be allowed to circulate until the color of the indi- 
cator has become constant.^ The clamps, C and E. are now closed 
and D is opened, allowing the CO; given off by the organisms to pass 
into B. The time required to produce a clearly marked change in the 
color of the indicator is noted and buffer solutions (contained in 
Pyrex glass tubes of the same size as B and ha\'ing the same concen- 
tration of indicator) are selected which match the color of the indica- 
tor at the start and finish. The clamp D is now closed; C and E are 
opened, thus washing the CO; out of B until the indicator returns to 

’ In place of the U-tube a tower or potash bulb may be employed. 

ttTien a volatile reagent, as ether, is added, the substance in the U-tube must 
be one which does not absorb the reagent. 

* Unless the joints are tight CO2 may leak in. 
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the original color. This is repeated until the normal time of respira- 
tion is established (unless it is fairty constant the experiment should 
be rejected). 

. The reagent is now introduced into A (by means of the short tube) 
and the time is ascertained which is required to produce the’ same 
change in the color of the indicator. A comparison of this with the 
normal time gives the relative rate of respiration under the influence 
of the reagent. 

The amount of CO2 produced by the organisms is ascertained by 
comparing'® the color of the indicator with the colors of a series of 
buffer solutions" having the same concentration of indicator and 
contained in P3mex glass tubes of the same size as B. This determines 
the pH value of thfi solution. In order to find out how much CO2 must 
be evolved to produce a given change in the color of the indicator we 
introduce known amounts of CO2 into the apparatus'® bj' means of a 
device which has recently been described.” The gas is made to cir- 
culate in the apparatus imtil the introduced CO2 is thoroughl}' mixed 
with the air and with the indicator solution, so that equilibrium is 
established between the latter and the CO2 in the apparatus. We 
know that this has occurred when continued circulation fails to pro- 
duce any further change in the color of the indicator. 

Instead of introducing gaseous CO2 we ma}"^ introduce a solution 
whose C02-content is known from its pH value. 

The change in the color of the indicator produced by a given amount 
of CO2 will vary according to the volume of air in the apparatus (the 
amount of indicator solution being constant). When determinations 
have been made for a niunber of volumes, intermediate values may be 
obtained by interpolation. As a rule there will be no changes in 
volume except those produced by variations in the volume of the 
organisms which are introduced into the apparatus. 

Ordinarily the respiration of aquatic organisms maj’- be studied by 
the method described by Haas' but such organisms as impart a color 
to the solution or give off acid (other than CO2) or alkali may be 

'® This should be done, if possible, under a “Daylight” lamp. 

" Cf. Osterhout, W. J. V., and Haas, A. R. C., Science, 1918, xlvii, 420. 

'® This can be done by means of the short tube in the stopper of A. 

Osterhout, W. J. V., J. Biol. Chem., 1918, xx.xv, 237. 
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Studied by means of the apparatus here described. In this case A is 
partly filled*-' Av-ith liquid,'® and due alloAvance must be made for this in 
calibrating the apparatus ndth respect to absolute amounts of CO; 
required to produce a giA'en change of pH A'alue. This calibration 
must be reAdsed if any reagent is added AA'hich has a pronounced 
buffer action; this should also be done AA’hen A is filled AA'ith gas if 
any A'olatile substance AAnth a pronounced buffer effect (or Avith an add 
or alkaline reaction) Is used. 

In general it Avould seem to be desirable to haA'e A large enough to. 
contain a number of organisms, so as to reduce as much as possible the 
irregularities Arhich may occur Avhen small numbers are used. But 
if the amount of CO; giA-en off is small, it may be necessarj' to reduce 
the size of A b}' substituting a U-tube for the bottle. The size of F 
may also be reduced by substituting- a smaller bulb, or by using in 
place of a bulb a tambour proAided Avith A'ah-es. 

^^^leneA•er it becomes desirable to SAveep out the e.\haled CO; and 
to fill the apparatus A\-ith ordinary air, this can be easily and quickly 
accomplished, A\-ithout disturbing the organism. It is only necessarA' 
to remoA’e the XJ-tube and to close the screAv- clamp. D. (AA-hich is usu- 
ally open) and open the screAV clamps, C and E. (A\-hich are ordinarily 
closed) and then to start the motor and alloA\- the gas to circulate, 
passing out of the apparatus at E. Air aaoH then enter at C and aaIII 
quickly Avash out the excess of CO;. ItTien this is accomplished (as 
shoAvn by the color of the indicator). C and E are closed and D is 
opened. 

Ordinarily it -mil be found desirable to remoA'e the excess of CO; at 
frequent interA^als. In this case phenolsulfonephthalein AA-ill be found 
useful as an indicator.' If, hp-treA-er, CO; is alloAved to accumulate, 
other indicators or mixtures of tA\-o or more indicators may be used 
to measure the loAA-er pH Aulues. 

Except in cases where the organisms respire normally when merely moistened 
and kept in a saturated atmosphere. Ordinarily the air aaIU become partly satu- 
rated with the moisture taken up from the indicator solution. If this is not 
desirable, in the case of non-aquatic organisms, it can be obviated by adding 
something to the indicator solution to lower vapor tension or bv drAing the "as on 
its way from B to .A.. - . o 

The tube by which the gas enters A is draren to a point and brought dovm to 
the bottom of A to permit the gas to bubble through any Uquid contained in A. 
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In case it is desired to withdraw a sample of gas in order to de- 
termine the amoimt of O2 consumed, it is only necessary to inter- 
calate a glass tube in the neighborhood of D, with stop-cocks at 
each end which can be closed when the tube is removed. 

It is evident that this method is just as applicable to photosynthesis' 
as to respiration. In studying photosynthesis it may be desirable to 
introduce known amounts of CO2 into the apparatus at the beginning 
of the experiment. 

In conclusion it may be added that in carrying out such investiga- 
tions it is desirable to compare the times required to produce equal 
amounts of CO2 rather than to compare the amounts of CO2 produced 
in equal times. The former method compares reaction velocities 
while the latter may not. 


SUMMARY. 

An apparatus is described which makes it possible to measure 
rapidly and accurately small amoimts of CO2 given off by organisms 
of ali kinds. The apparatus can also be used to measure photos3m- 
thesis. 



THE ANTAGONISM BETWEEN THYROID AND 
PARATHYROID GLANTDS. 

By EDU.VRD UHLENTIUTH. 

{From the Laboratories of The Rockefeller Institute for Medical Research.) 

(Received for publication, July 16, 1918.) 

INTRODUCTION. 

It is ivell knoitu that the extirpation of the parathyroids in mam- 
mals is followed by tetanic comnilsions. This led to the conclusion 
that certain tetany-producing toxins are formed in the body, which in 
normal animals must be either removed or turned into non-toxic sub- 
stances by the parathjToid glands. The origin of these toxic sub- 
stances, however, is unknomi. Though tetanic con\-ulsions and 
other symptoms of tetany have been reported repeatedly to occur 
after injection of thymus extracts, in the frog as well as in mammals,* 
no attention has been paid to this fact as possibly containing the solu- 
tion of the problem in which organ the tetany-producing substances 
might be manufactured. The experiments presented in this article 
seem to indicate that they are contained in and produced by the thy- 
mus gland. This harmonizes with the well known fact that tetany 
is a disease of infants. 

In the spring of 1916, about thirty salamander lan.m of the species 
Avibysloma maculaluin- were fed exclusively on calf’s thymus. Each 
single larva after some time began to suffer from severe tetanic at- 
tacks. Since the larvae of salamanders do not possess parathyroids 
this observation seemed to be of considerable interest, and, in the fall 
of 1916, calf’s th>mus was fed to larvm of another species of sala- 

‘ See Biedl, i, 279, 301 ff. 

= In the terminologj- to be employed in the classification of amphibians the 
nomenclature as tvorked out by Stejneger and Barbour n their new check list was 
applied here. According to this the old species Amblysfoma punctalum corresponds 
to the new species Ambysloma maculalum. 

23 
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manders, Amhystovia opaciim; again each single individual after a 
certain time came doum with tetanic attacks. In 1917, the experi-, 
ments were repeated with the same result on both species. It is, 
therefore, evident that the thymus gland contains a substance which 
•produces tetanic convulsions in the larvje of Avihysioma maciilatmn 
and opacmn. 

Tetanic Symptoms. 

The tetanic symptoms exhibited by salamander larvas fed with 
thjmus closely resemble the symptoms produced by parathyroid- 
ectomy in mammals.® The first attacks in the larvae are confined to 
the hind portions of the bodjL In general, this part of the body suffers 
more tlian any other during the entire tetanic period, and when the 
acute attacks become less and less frequent and severe it is again the 
hind portions of tlie body winch alone are attacked. Within several 
days after the onset of acute tetany the entire muscular system exhib- 
its severe clonic convulsions. Each single attack begins at the tail 
and spreads toward the head ; the tremors are severest in the legs and 
in the muscles of the lower jaw. * During each attack the mouth is 
thrown widely open. When the attack begins the animals are thrown 
on one side. Besides the clonic comuilsions a tonic spasm of the entire 
body is observed; the legs are stretched out and the body is bent with 
its concavity towards the backi During the attack the animals dis- 
charge much air and the vessels of the skin become very red. 

In the early stages of the disease the commlsions are induced only 
upon stimulation which is best effected by remormg the lan^re from 
the water, placing them on filter paper, and pinching the legs or the 
tail slightl 3 L Each attack lasts only a short time, tlie larvae recover- 
ing after from 2 to 3 minutes. Later any attempt of the larvae to 
swim or to snap at a piece of food suffices to induce an attack and 
some individuals may float for several days on one side, being rigid 
from tonic spasm. 

8 to 14 days after the first attack the hind legs begin to show 
signs of a permanent tonic spasm; the legs are stretched backward 
and become twisted around their longitudinal axis with the inner 
surface pointing upward; the feet follow this movement and finally 
the fore legs undergo a similar change. 

® See Biedl, i, 79 ff. 
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Relation between Tetany and Development. 

Tetany cannot be produced by th\Tnus feeding before a certain 
developmental stage is reached by the lar\’a ; namely, that at which 
probably the secretive power of the animal’s own thymus glands is 
established. This stage of development corresponds to that of the 
full development of the toes of the lar\’ai. 

Si.v larva: of Ainbystoma opacinn {opaeum. 1917, B), from Xorth 
Carolina, hatched in the laboratory' from eggs of the same female, 
were kept at approximately 25°C. and fed on calf’s thymus from the 
19th day after hatching. The animals were tested for tetany regu- 
larly on a definite day every week, for the purpose of recording the 
percentage of animals suffering from tetany; clonic commlsions of the 
entire body as well as of the hind portion only were considered as indi- 
cation of tetany. No animal suffered from tetany when examined 
the first time after the commencement of the thymus feeding. With 
the progress of development (as indicated by the development of the 
toes) the percentage of animals suffering from tetanic conMilsions in- 
creased and reached a first ma.ximum at the time when all toes were 
developed. No animal had con\'ulsions until all the toes of the fore 
legs and at least the third toe of the hind limbs were developed. 

In a second series of experiments, with eight Ambystoma opaeum 
larN'je {opaeum, 1916, B) hatched from eggs of the same female and 
kept at approximately 25° C.. thymus feeding was started on the 14th 
day after hatching. None of the lar\'ie of this series showed any' signs 
of tetany before the full number of toes had developed. In a third 
series {Ambystoma opaeum, 1916, D) consisting of eight larva: from 
eggs of the same female and of the same age as the lar\-ae of the pre\-ious 
series, this becomes still more e\'ident. Though the lar\'ce of Series D , 
1916, were fed on thymus simultaneously with Series B, 1916, con- 
cisions developed 4 weeks later than in Series B, 1916. Develop- 
ment was retarded by keeping the laivse in low temperature (15°C. 
approximately'). 

In Ambystoma maculatum similar results were obtained. In one 
instance {Ambystoma pimciatum. Series K, 1917) six larvm, all hatched 
from eggs of the sanfe female and kept at approximately 25° C., were 
fed on thymus exclusively from the 13th day after hatching. The first 
acute attacks were obser\’ed 5 weeks after hatchino- 

O * 
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Similarly it was found in Avibystonia opacuin as well as in Ambysloma 
maculatmn that the acute tetanic attacks disappear entirely after a 
certain stage is reached, though the animals continued to be fed ex-’ 
clusively on thymus gland. "Udien the larv£e reach a stage in w’hich 
they resemble normal larvae ready for metamorphosis, it becomes more 
and more difficult to induce an acute tetanic attack and no animal 
ever showed such attacks after it had metamorphosed, in spite of 
thymus feeding. 

Thymus Gland Contains a Tetany-Producing Substance. 

The question arises: Why does the th 3 Tnus gland when fed to 
salamander lar\^ae cause tetany only during a certain developmental 
period, and wh}^ is it ineffective before and after this period? In 
order to give an answer to this question it was necessary to make a 
histological examination of the larvae. 

As regards the beginning of tetany several larvae which had been fed 
thymus were examined histologicalty just before and after the begin- 
ning of tetany. In a number of Anibystoma opacum larvae of the same 
age and hatched from eggs of the same female {Anibystoma opacum, 
1917) tetany was observed in a few individuals as early as 4 weeks 
after hatching; in these few indi^^duals, however, it did not reappear 
until 6 to 7 weeks after hatching, and at this time the majority 
of the larvffi developed tetany. At this time larv^ae of this set with 
and without tetany were killed and preserved for examination to 
fin d in which point they differed. A preliminarj' microscopical study 
of the anatomy and histology of one tetanic and two pretetanic 
larvae demonstrated a noteworthy difference in regard to the devel- 
opmental state of the thjTnus glands, but in no other respect. 

It was found that the lan'ae which had not yet developed tetany 
had smaller thjunus glands than the larva wliich had ahead}'- fallen a 
\nV tim to tetany. The thymus glands of the latter laiY’^a are more 
than twice as large as those of the pretetanic larvae, though the differ- 
ence in length of the entire animals is only 33 per cent, the tetanic 
specimens being the larger ones. This is sho-\TO in Fig. T in which 
the three left thymus glands of a pretetanic larva (left vertical row) 
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Fig. 1. Comparison betiveen size of the primordial thymus of a pretetanic larva 
of Ambystoma opacunt (left vertical row) and a larva of the same species shortly 
after the beginning of acute tetanic convulsions (right vertical row). It will be 
seen at a glance that the thymus glands of the latter animal are much larger than 
those of the non-tetanic larva. The drawings were made with a camera ludda 
at 490 linear magnification from the largest cross-section through each of the 
glands. 
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and of tile tetanic larva (right vertical row) are drawn at the same 
magnification.^ 

Still more significant, are the differences in structure. In the 
pretetanic larv® the thymus glands represent small accumulations of 
purely epithelial cells. They do not show any kind of differentiation. 
Their epithelial character is indicated also by the presence of consid- 
erable quantities of pigment granules such as are found in the epi- 
thelium of the phar3'-ngeal pouches from which the glands have 
separated. In most of the glands there are no mitoses to be found at 
all, while in some there are one to two mitoses present. No mem- 
brana propria is formed. 

Compared with the thjTnus of the pretetanic lan^ai, in which none 
of the characters of a true thjmius has developed, five of the glands 
of the tetanic lan^a show some of the aspects of a real thjnnus in as far 
as they contain elements which are characteristic of that organ. 
Again no membrana propria is formed, but the glands consist of a 
variety of cells. Leaving aside the question as to whether or not the 
newly developed cell elements are of mesench)'mal origin,^ it is 
sufficient to notice that several kinds of cells now constitute these 
glands; two of them are recognized clearly as the main elements mak- 
ing up the fully developed thjonus of an Avihystoma opacian larva. 

The first and second pairs of the thymus glands have disappeared alread}- in 
this stage from both the pretetanic and tetanic lar\w, and only the third, fourth, 
and fifth pairs are present. According to Maximow and to Baldwin the first and 
second pairs are found absent already in larvK of from 11.5 to 13.0 mm. in length. 

® Concerning the development of the amphibian th 3 'mus glands and the origin 
of their cell elements see the papers by Maximow, by Dustin, and bv Baldwin. 
It should be mentioned that the development of the thymus glands in Amhys- 
ioma opaaim was found bj' the writer to correspond in the main with the descrip- 
tion as given by !Maximow and Baldwin for Atnbysloma ligrimim and Ambysloma 
maculatum respectivelj’. The size of the larva:, however, corresponding to the 
various developmental stages of the glands was found to be much more variable 
and in general larger. In a normal stock animal of Avibystoma opaaim. for in- 
stance, the right gland of the third pair was found to be stUl connected by : n 
epithelial stalk \rith the brancho-phatyngcal epithelium and of purelj’ epithelial 
character, though the larva has a length of over 37 mm., while Maxiraow and 
Baldwin found the glands fulh' separated in larva:of from 10 to 12 mm.;Maximow 
saw the commencement of mesenchymal immigration in larva: of about 10 mm. 
in length, and Baldwin in larx-a: of 19 to 20 mm in length. 
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Correspondingly the epithelial character of the glands is lost; this 
finds its expression also in the fact that pigment granules ha\e dis- 
appeared altogether. In addition a considerable number of mitoses 
may be found, which mostly seem to be cell divisions of the newly 
arrived elements. Of particular importance is the fact tlmt in one of 
the glands of the fifth pair, which I found to be frequently ahead of 
the third and fourth pairs in development, the cell plasma of a number 
of cells stains pink, and here one nucleus which also is stained pinkish 
exhibits a swollen appearance, characters which are ascribed by Maxi- 
mow to the formation of the medulla of the th\Tnus. 

The thjnnus glands of the pretetanic larw-c are therefore mere 
accumulations of epithelial cells and do not possess any structures to 
indicate that they would be capable of exerting any of the functions 
of a thjTnus, while in the tetanic lar\’a at least some of the glands 
resemble a true thjTnus and probably have commenced to behave as 
such with regard to function. From these observations we may con- 
clude that the thjTnus feeding does not begin to call forth tetany in 
salamander lar\-£e until the thj-mus glands of the lar\'a; themselves are 
able to secrete. This suggests that tetany is the effect of the combined 
action of the secretion of certain substances by the thxTnus glands of 
the laiA’cC and of substances introduced into the larx'a by feeding it 
with the thjTnus gland from other animals. 


Prccenlion of Tetany by the Parathyroids. 

It is well known that salamander larva: do not possess parathvroids ; 
these glands develop during metamorphosis. Though the end of the 
tetanic period coincides approximately noth the development of the 
parathjToid glands, yet larvje which had ceased to show con\Tilsions 
for some time apparently possessed no parathjToids when examined 
histologically. It is, however, possible that in spite of this in such 
larva certain processes had commenced which would soon have led to 
the formation of these glands and that these processes were already 
able to check tetany. 

A connection between the development of the parathyroids and the 
cessation of tetany seems probable on account of the fact that tetany 
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tetan}' when fed to the larva; of certain species of salamanders (/!;«- 
bysloma opaciun and Ambysloma macnlatum). As long as the larwu 
have not developed their omi thj-mus glands, tliey arc able, by means 
of some mechanism, to counterbalance tire tetanic action of the 
tlmnus substance introduced in tlieir food. \\Tien, hone^er, the 
secretion from their omi thymus glands is added to tire thjTnus mate- 
rial introduced with the food, this mechanism of preventing tetany 
becomes inadequate and tetanj' ensues. In the lars'a of a third 
species of salamander, Ambysloma tigriuum, this mechanism will 
prevent tetany even when the lar\’a; are fed on th^anus. 

In mammals the parathjToids are known to prevent tetany and are 
supposed either to absorb the tetany-producing substance and thus 
prevent its action or to change it into another non- toxic substance. 
It is at least probable that in the amphibians the parathjToids play 
the same role. Lan-je of anuran amphibians, which develop their 
parathjToids soon after hatching, never show tetanic con\'ulsions if 
they are fed on thjTnus. but in certain species of salamanders, whose 
parathjToids develop only during metamorphosis, the larva; inva- 
riably have tetanic comailsions upon thjmus feeding, while the meta- 
morphosed animals never show tetany. 

But in addition to the parathjToids the salamanders must possess 
still another mechanism which during the lar\'al period inhibits the ' 
production of tetany by the animal’s own thx-'mus glands. In the 
lar\-s of Ambysloma opaciim and Ambysloma maciilalmn this mech- 
anism is sufficient only to prevent tetany from the animal’s own 
thjTnus, while in the lar\’£e of Ambysloma ligrininn it is capable of pre- 
venting tetany even when the larvm are fed with thj-mus. 

If the thjTnus is the organ by whose action tetany is produced, we 
can understand why tetany in human beings occurs far more frequently 
in children than in adults, since in the latter the th\'mus gland is 
replaced, atleast to a great extent, by connective tissue. The relation 
of thjTnus to tetany may also possibly explain the occmrence of tetany 
during pregnancy , while the parathjToids of the mother may be suffi- 
cient to prevent tetany from her largely atrophied thymus, they may 
not be sufficient to prevent tetany from the excess of thxmius sub- 
stance furnished by the fetus to the blood of the mother. 
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FURTHER PROOF OF THE EXISTENCE OF A SPECIFIC 
TETANY-PRODUCING SUBSTANCE IN THE 
THYIMUS GLAND. 

By EDUARD UHLENTIUTH. 

{From the Laboratories of The Rockefeller Institute for Medical Research^ 

(Received for publication, July 8, 1918.) , 

In the preceding note' it has been shown that salamander which 

are fed exclusively on calf’s thjTnus gland develop tetanic convulsions. 
Several facts were mentioned supporting the idea that this phenomenon 
is identical with the tetanj'' observed in mammals after parathyroid- 
ectomy; it was also made probable by om: experiments that the 
tetanic convulsions, produced in the salamander larvs, were due to 
the action of a specific substance contained in the thymus, inasmuch 
as the thymus feeding did not become effective \mtil the primordial 
thjmus glands of the lan^je had reached a stage in which they assume 
some of the structures of true thymus glands. 

Instead of assuming that the thymus gland secretes a toxin causing 
tetany^ it might be argued that the effects of thymus feeding were due 
to the absence from the thymus ot some substances which are neces- 
sary' to make up a complete diet for the salamander larv'se, for in the 
experiments reported in our previous paper the larvae were fed exclu- 
sively on thymus. In other words, it might be argued that the tetany- 
produced in our experiments was in reality a deficiency phenomenon. 

WTule formerly it was generally assumed that the thymus belongs 
to the glands with internal ^cretion, doubts have recently arisen in 
this regard. After it had apparently been demonstrated by some 
authors that the thymus contains substances which stimulate the 
growth of tadpoles of frogs and toads= in a specific way', Swingle’ has 

‘ Uhlenhuth, E., J. Gen. Physiol., 1918, i. 23. 

- GudcmaUch, J. F., Arch. Entu-cklngsmcchn. Organ., 1913, sxxv, 457; .dm. J 
.Inal., 1913-14, xy-, 431. 

’ Swingle, W. W.. J. Exp. Zool., 1917-18, xxiv, 521. 
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recently published feeding experiments performed on tadpoles of 
frogs which seem to prove that the feeding of such lanm with thjmus 
gland of mammals has no influence whatever on growth. The 
writer’s^ own experiments on salamanders demonstrate clearly tliat 
during the larval period of these animals, thymus when given as food 
may considerably change the rate of growth, but that tliis is not due 
to a specific influence of that gland upon growth. 

It is, therefore, of interest that we are able to show that the tetany 
produced in thymus-fed salamander larvae is not due to a deficiency 
in the thjmus of one or several substances, but is due to the presence 
in the thymus of a specific tetany-producing substance. 

EXPERIMENTAL. 

If tetany in salamander larvae fed on thymus is due to the absence 
from the thymus of one or more substances, it is clear that the addition 
of a sufficient amount of normal food to the thymus diet should pre- 
vent the development of tetanic convulsions. It was found, however, 
that this is not the case. 

Thirty larvae of the species Amhystoma niaculatinn — from tlie same 
mother and of the same age — ^were fed on thymus from about the 
Sth week after hatching. The larvae developed tetany verj’- soon; 
convulsions were noticed as early as 15 days after the first thymus 
meal. At the end of the 3rd week, the series was divided into two 
lots, each containing fifteen individuals. One group was fed on 
thymus exclusively, the other one was fed alternately one day on ' 
thymus and one day on earthworms, the latter constituting a com- 
plete diet in the case of the salamanders. 

The result of this experiment was that tetany is not stopped by 
the addition of a sufficient amount of complete diet, but on the con- 
trary developed still further towards a maximum. Therefore, the 
tetanic commlsions resulting from thymus feeding are not due to a 
deficiency in the diet but must be due to a specific tetany-producing 
substance contained in the thymus gland. 

It was also noticed that in the mixed food series the tetany period 
was shorter than in the thjmus series and that the percentage of ani- 

^ Uhlenhuth, Proc. Soc. Exp. Biol, and Med., 1917, xv, 37. 
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mals suffering from tetany was smaller on a mixed diet than on pure 
thj-mus diet. This is due to several factors. 

First, it was pointed out in a previous article* that the salamander 
laivEe. though they have no parathjToids. must possess some other 
mechanism capable of doing away with a certain limited amount of 
the tetanv-producing poison; otherwise even normal laivai not fed on 
th}-mus should show tetany as soon as their own thj-mus glands are 
sufficiently developed. In one species {Avibyslovia tigrininn) this 
mechanism is strong enough to prevent tetany even if by means of 
feeding th>Tnus exclusively the body is flooded with a large amount of 
the tetany toxin. Hence, it is not surprising that if a smaller dose of 
the toxin is introduced into the body, the larvae should be capable of 
remo\'ing — or antagonizing — so much of the toxin that the remaining 
part may be less effective than a ma.ximum dose would be. Hence 
the fact that tetanic attacks occurred less frequently in each single 
indmdual on a mixed diet that? on an exclusive th>-mus diet is due 
to the difference in the amount of thj-mus substance. 

A second factor is still more important as regards the decrease of 
tetany in the mixed food series than the first factor mentioned. It 
has been pointed out in another communication* that larvae of the 
species of Ambystoma inaculatum and Ambystoma opacinn cease to show 
tetanic conwdsions after metamorphosis, probably because of the 
action of the parath)Toids developing during metamorphosis. IMeta- 
morphosis started in the mixed food series 7 weeks earlier than in the 
pure th^-mus series, and was finished in the former series 19 weeks 
earlier than in the latter series. 

We have alluded to the fact that some authors believe they have 
demonstrated that thxmus feeding retarded the metamorphosis of 
the tadpoles of frogs and that this effect was specific. This conclusion 
is not correct. It became clear in the course of our study of amphibian 
metamorphosis® that the retardation of metamorphosis upon exclusive 
thxmus feeding is probably not due to a specific effect of the thjmus, 
but to a deficiencx' in the diet. If retardation of metamorphosis upon 
thjmus feeding were due only to the absence of certain substances 
from the thjmus and tetany xvere due to the presence of certain toxic 

® Uhlenhuth, E., J. Exp. ZooL, 191S, i.xx-, 135. 
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substances in the thjnnus, we should expect that upon addition of a 
complete diet to the th}'mus food tetany would still occur, but meta- 
morphosis would take place in the normal way and at the normal time. 
In fact, metamorphosis started even a few days earlier than in a con- 
trol series consisting of thirt}^ larvae of the same age. Thus by adding 
normal food to the thymus diet the specific actions of the thjmus may 
be sifted out from the non-specifi.c ones. 

The tetany produced by exclusive thymus feeding is a specific effect 
of the thymus due to the existence of a tetany-producing poison in 
that gland, while the retardation of metamorphosis in the case of an 
exclusive diet of thjnnus is due to a deficiency in the diet. 

CONCLUSIONS AND SUMMARY. 

The effect of the thymus gland in producing tetany is due to a 
specific tetany toxin produced by and contained in the thjmus, and 
the thymus gland must be added to the group of glands for which the 
function of internal secretion has been demonstrated. 



DIFFERENCE IN THE ACTION OF RADIUM ON GREEN 
PLANTS IN THE PRESENCE AND ABSENCE OF LIGHT. 

Bv CH.-\RI.ES PACIOVRD. 

(From the Marine Biological Laboratory, Woods Hole.) 

(Received for publication, July 18, 1918.) 

Experiments b}- Willcock' on the effect of radium radiations on 
Hydra viridis and Hydra fusca show that the green form is far more 
resistant to rays than the brown. The green hydras- are not killed 
by an e-xposure of 4^ hours to 50 mg. of radium bromide; the brown 
hydras, on the other hand, die after “comparatively short exposures.” 

I have repeated this e.xperiment several times and have obtained the 
same results. Willcock also found that protozoa containing chloro- 
phyll are uniformly more resistant than those which have none. 
Since these experiments were carried on in daylight, it seemed pos- 
sible that the difference in the reaction between the two classes 
of animals experimented upon might be due to the activity of the 
chlorophyll. 

If this assumption is correct, we should expect that plant cells 
radiated in complete darkness, when the chlorophyll is not active, 
would be more sensitive to the rays than in the h’ght. To test this 
point I have made a number of e.xperiments on Spirogyra and Volvox. 

The radium (20.4 mg. of element, enclosed in a thin-walled silver 
tube) was placed in a watch-glass filled with water, and the Spirogyra 
filaments were laid across it. In the light, the cells nearest the tube 
began to show a tj'pical phenomenon of disintegration in 2 to 3 
hours. This disintegration consists in the following. 

The chlorophyll bands first contract somewhat, losing their spiral 
arrangement. A few minutes later they resolve into an irregular heap 
of chlorophyll in one end of the ceU. In the light, this phenomenon 
began to be noticed after an e.xposure of from 2§ to 3 hours. The 

'■ Willcock, E. G., J. Physiol., 1904, xxx, 449. 
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disintegration became visible in man}’^ cells simultaneously, and within 
5 minutes after the disintegration began to be visible in a few cells, 
practically all the cells ia the vicinity of the radium were thus affected. 

In the dark, this phenomenon of disintegration commenced in 
about one-fourth, of the time; namel}', after an exposure of from 35 
to 70 minutes, the average being 45 minutes. 

Colonies of Volvox were exposed in a small glass tube in which the 
radium preparation was placed. In the h’ght, the colonies became 
motionless in 2 hours; in the dark, the'same condition was attained in 
55 minutes. These periods represent the average of many trials. 

It is very emdent tliat the life of the cell is prolonged by some con- 
dition connected with photosynthesis; a more definite statemen: 
cannot be made on the basis of these preliminary experiments. 



amphoteric colloids. 

I. CHEinau, Influence of the Hydrogen Ion Concentratiqn. 

By JACQUES EOEB. 

(From the Laboratories of The Rockefeller Institute for Medical Research^ 
(Received for publication, July 26, 1918.) 

1 . 

It is often stated (Pauli, Hober, and others) that both ions of a 
neutral salt affect the physical properties of an amphoteric electro- 
lyte (ampholjde) simultaneously and in the opposite sense; so that 
the total result is the algebraic sum of the opposite action of the 
oppositely charged ions of the neutral salt.* The writer has been 
able to show by e-xperiments on gelatin and on pig’s bladder that 
this statement is not correct, but that apparently only one of the 
two ions of the neutral salt acts upon the ampholjde; namely, the one 
which has the opposite electric charge from that of the ampholyte.® 
The hydrogen ion concentration of the gelatin solution used by the 
writer was 10~^ (or in Sorensen’s logarithmic svanbol pH = 7.0) 
and this gelatin reacted ndth neutral salts as if it were an anion 
capable of combining with the cation of a neutral salt. WTien, 
however, powdered gelatin is treated for some time with an add, 
c.g. HCl, gelatin chloride (or hydrochloride) is formed, which is 
supposed to dissociate electrolytically into a positive gelatin ion and 
a negative chlorion. The writer found that when the supernatant 

* This and other erroneous statements current in colloid chemistry are due to 
the fact that the previous investigators alwaj-s studied the action of neutral salts 
upon proteins in the presence of the salt. The vrriter removed these salts after 
they had a chance to act on the gelatin. This procedure is necessat>- on account 
of the fact that the manifestation of the effect of the electrolyte upon the gelatin 
is repressed in the presence of the electroljte. 

Loeb, J., J. Biol. Chem., 1917, xsxi, 343; 1918, xxxiii 531; xxsiv, 77, 395 
489; 1918, SX.W, 497. - > . 
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acid is washed away from such powdered gelatin it is affected only by 
the anion of a neutral salt, W'hile ’the cation of the' salt used has appar- 
ently no effect. 

The writer found that when powdered gelatin is treated for some 
time with a base, e.g. NaOH, the gelatin (after the supernatant NaOH 
is washed away) is onl}”^ capable of combining with the cations of 
neutral salts, while the anions of neutral salts are without effect. 

It seemed necessary to find out where the turning point for these 
two different modes of reaction lies, whether at the point of neutrality 
of the solution or at the isoelectric point of gelatin. The fact that 
gelatin solutions at the point of neutrahty (pH = 7.0) react with 
neutral salts as if they had previously received an aUcahne treatment, 
suggests that the turning point lies at a more acid reaction of the 
gelatin and since the isoelectric point lies at a more acid reaction it 
was a priori likely that the isoelectric point for gelatin might be the 
turning point. 

Amphoteric electrolytes are defined b}’’ the fact that they can dis- 
sociate electrolytically as acids as well as bases, \^^len they dis- 
sociate as acids they are supposed to send more H ions than OH ions 
into solution and the ampholyte ion migrates in the electric field to 
the anode. When they dissociate as bases they are supposed to send 
more OH ions than H ions into solution, and the ampholyte migrates 
in the electric field as a cation. At the isoelectric point the ampho- 
lyte is supposed to send out an equal munber of H and OH ions and 
it migrates in neither direction. Gelatin is natural^ a stronger acid 
tlian base and hence migrates to the anode. By increasing the hydro- 
gen ion concentration of the surrounding solution through the addi- 
tion of some acid the dissociation of gelatin as acid can be repressed to 
the level of its dissociation as a base. This is the isoelectric point at 
which it migrates in neither direction and at which the total number 
of ions it sends into a solution is a minimmn. With the addition of 
more acid it migrates to the cathode. Michaelis determined the iso- 
electric point of gelatin solutions by the migration method and 
found it in the neighborhood of Ch = 2.10~^ (or in Sorensen’s 
logarithmic symbol pH = 4.7).^ Since the solution of gelatin used had 
a pH of 7.0 it was on die alkali side of the isoelectric point. We shall 

’ Michaelis, L., Die Wasserstoffionenkonzcntration, Berlin, 1914. 
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shovT in this paper that gelatin on the alkali or less acid side oi its 
isoelectric point. can combine only with the cations of neutral salts, 
as we had actually found empirically in our pre^’iou5ly published 
papers. 

IMoreover, it n-iU follow from the experiments to be published in 
this paper that the gelatin ion can dissociate electrolytically only 
as one of the two, either as a cation or as an anion but not as both 
simultaneously (except to a negligible degree), and that the hydrogen 
ion concentration of the solution alone determines in which of the two 
ways it dissociates. We shall also show that the isoelectric point is 
not only the point where the gelatin sends out as many H as OH ions 
but that it is the point where it apparently sends out neither; i.e., 
where it cannot exist in an ionized condition at all. 

n. 

Our method of testing whether gelatin reacts ndth the cation or the 
anion of a neutral salt is based on the difference of the effects of uni- 
valent and bivalent ions upon gelatin. It was found in the writer’s 
experiments on osmotic pressure, ^^scosity, alcohol precipitation, and 
swelling that a salt of the type NajSOi (univalent cation, bivalent 
anion) of a certain molecular concentration, e.g. ii/128, has quantita- 
tively and qualitatively the same effect upon gelatin (pH = 7.0) as a 
salt of the tjqje NaCl at the molecular concentration si/64,- i.e., twice 
the molecular concentration of the Na;S 04 .^ This proves that only 
the cation of the salt and not the anio.n acts upon the gelatin. It 
was found, moreover, that all neutral salts with monovalent cation 
(Li, Na, K, NIL) cause an increase in osmotic pressure, viscosity, 

, alcohol number, and swelling- of gelatin, while salts with a bivalent 
cation (Mg, Ca, Sr, Ba, Co, Mn) cause no such increase; and if a 
salt nith bivalent cation is added in small quantity to a large quan- 
tity of a salt with univalent cation, the increase in osmotic pressure, 
riscosity, alcohol ntunber, and swelling caused bv the salt with uni- 
valent cation is inhibited (antagonistic salt action).^ The same is 

^ Locb, J . Biol. Chan., 1918, .txxiv, 77, 4S9. 
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true for gelatin previously treated with NaOH. When such gelatin 
is subsequently treated with a salt with univalent cation its vis- 
cosity, osmotic pressure, sw'elling, etc., are increased, while w'hen it 
is treated with a salt with bivalent cation this increase does not 
occur and its previous osmotic pressure, etc., are diminished. In 
all these cases the gelatin migrates as an anion, and the compounds 
formed are metal gelatinates where the metal is that of the alkali or 
salt used. 

On the other hand, if gelatin has first been treated with an acid, 
e.g. HCl, gelatin chloride is formed which shows an increase in osmotic 
pressure, swelling, viscosity, and alcohol number. That such a gela- 
tin (which is freed from the original acid by washing) reacts only with 
the anion of neutral salts is proved by the fact that a solution of a 
salt of the type CaCNOj): (univalent anion, bivalent cation) influences 
gelatin chloride quantitativ^ely and qualitatively like a salt of the type 
NaNOj (univalent anion, univalent cation) of half the molecular con- 
centration; e.g., m/128 Ca(N 03)2 acts like m/64 NaNOj.'* This is 
only possible if the anions of the neutral salt react with the gelatin 
chloride, while the cations have no effect, since otlierwise tlie depress- 
ing effect of Ca mentioned before should be noticeable, which is not the 
case. If gelatin chloride freed from the excess of acid by washing is 
treated with a sufficient^ high concentration of a neutral salt with 
univ^alent anion the osmotic pressure, swelling, viscosity, etc., of the 
gelatin increase after the salt is w'ashed away. If, howev-er, the anion 
of the salt used is bivalent, e.g. sulfate, oxalate, succinate, it causes 
less increase or an actual decrease of the osmotic pressure, viscosity, 
alcohol number, and sw^eUing of the gelatin. 

Hence by making use of the depressing effects of biv’alent ions and 
the opposite effect of the univ'^alent ions we can determine at w'hich pH 
the gelatin begins to‘ combine with the cation and ceases to combine 
with the anion of a neutral salt. Our experiments show that this 
critical point lies for gelatin at a hydrogen ion concentration 2.10“® 
(pH = 4.7), i.e. the isoelectric point of gelatin, and not at the point 
of neutrality. 

® All these effects were measured after the excess of the electrolyte was washed 
away (see footnote 1 ). 
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Our method was the same as in. our pre\’ious experiments. 1 gm. of 
finely powdered gelatin was put into each of a series of beakers con- 
taining 100 cc. of a solution of HCl of various concentrations (m/8 to 
M/S192). This series ser\-ed as a control. We then experimented 
with HCl solutions of different concentrations (xi/S to m/8192), each 
containing a certain salt (c.g. NajSOj or Ca(NOj):) in the same con- 
centration (m/16). The gelatin remained for 30 minutes in these 
solutions of a temperature of 20°C. The gelatin was then poured 
into cylindrical funnels of the same diameter, to allow the acid or 
acid-salt mixture to drain off, and the gelatin was then perfused three 
times with 25 cc. of distilled water of 10°C., and a fourth time with 
H.O of 20°C.® The gelatin was then melted and made into a 1 per 
cent solution. Dialysis experiments, titration e.xperiments, and deter- 
minations of pH by Sorensen and Clark’s indicator method' made it 
probable that the solutions contained no acid except that due to hydro- 
lytic dissociation of the gelatin salt formed; it was also possible to show 
that the neutral salt added to the HCl solution had been washed away. 

The following physical qualities of the washed gelatin were 
ascertained: 

/ 10 , 000 \ 

1. The conductivity { — ; — ). at 24 C. 

' \ ohms y 

2. The osmotic pressure expressed in mm-, height of the 1 per cent 
gelatin solution in the manometer tube. 

3. The total swelling e.xpressed in mm. of the height of the cj^lindri- 
cal mass of gelatin. 

4. The alcohol number; i.e., the cc. of 95 per cent alcohol required 
to precipitate 5 cc. of 1 per cent gelatin solution at 20° C.* 

The results are given in the form of cur\-es in which the logarithms 
of the concentration of the acid used are the abscisss and the above 
mentioned values for conducti\-ity, osmotic pressure, swelling, and 
alcohol number, the ordinates. The pH of each gelatin solution was 

' The TOter vras used at these temperatures to prevent e.Tcessive swelling and a 
retardation of the process of filtration. 

‘ We are obliged to Dr. Demby for demonstrating to us the use of these methods. 
’The viscosity of the solutions was determined in a special set of experiments 
and the \Tscosity curves rtin parallel to those for osmotic pressure. They may 
therefore be omitted in this paper. 
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Fig. I. HCl curv'es. 
Curves of the conductiv- 
ity, osmotic pressure, 
sweUing, and alcohol num- 
ber of gelatin previously 
treated ndth various con- 
centrations of HCl and 
then freed from excess of 
HCl br- washing with 
water. On the axis of ab- 
scissffi are the logarithms 
of the HCl concentration 
used, and under each con- 
centration is the pH of the 
1 per cent gelatin solution 
in H 2 O (made from the 
washed gelatin). The or- 
dinates are the values for 
conductivity, osmotic pres- 
sure, swelling, and alcohol 
number for the gelatin. 
In the region of the iso- 
electric point (pH = 4.7) 
ull the cun'cs have a min- 
imum, On the left of this 
point gelatin exists in the 
form of gelatin chloride 
(with high ionization), the 
curves rising more rapidly 
than on the right of the 
isoelectric point where the 
gelatin exists in the form 
of common gelatin whiclr 
dissociates as a very weak’ 
acid. All four curx'es are 
nearly parallel. 
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ascertained and is put under the figures for the logarithms of the 
concentration. 

We now will in turn discuss the four main groups of cur\-es. 

Fig. 1 gives the cur^^es for gelatin treated for 30 minutes with HCl 
alone and then freed from the supernatant and intercapillary acid 
(with the exception of that formed by hydrolysis of gelatin chloride). 
The striking fact is that the conductivity, osmotic pressure, swelling, 
and alcohol number (and xdscosity, though this curve is omitted) 
have all a minimum near a point where the hydrogen ion concentra- 
tion pH = 4.7; i.c., at about (he isoelectric point as determined for 
gelatin solution by ilichaelis on the basis of migration e.xperiments. 
We may add that the transparency of the solution was also a minimum 
at the isoelectric point, where the solution was generally quite opaque 
after standing over night. 

Though it was already known^ that the viscosity and the swelling 
of gelatin are a minimum at pH = 4.7, our experiments for the first 
time furnish the proof that this is also the exact location of the 
minimum for conductmty, osmotic pressure, alcohol number, and 
transparenc}'. 

The second fact of significance is the sudden rise of the system of 
curv'es on either side of the isoelectric point. Since the conductixfity 
cuiv'e is the direct expression of the degree of electrolytic dissociation 
existing in the gelatin solution (which had been freed from all 
ions except those formed by electrolj'tic and hydroK’tic dissociation 
of the gelatin salt), these curx'es may be considered as a function 
of the degree of electrolytic dissodation of the gelatin. 

Gelatin may exist in the form of non-ionized gelatin on both sides of 
the isoelectric point, but we shall endeavor to show that ionized 
gelatin exists in a different ionic state on the two sides of the iso- 
electric point. On the right, less acid side of the isoelectric point it 

— ^ — - 1 - 

can only exist as a negative ion (e.g. gelatin-H or gelatin-Na, etc.), 
while on the left, more add side of the isoelectric point it can only 

exist as a cation (e.g. gelatin-Cl or gelatin-OH). WTien we study the 
. cuiv'es for gelatin treated prexdously with HCl and freed from the 
excess of HCl by washing as described, the two branches of the curves 
on the two sides of the isoelectric point are asymmetrical (Fig. 1) . 
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The left branches rise higher than the right ones on account of the 
fact that on the left side of the isoelectric point we have gelatin chloride 
which as a salt has a high dissociation constant and which dissociates 

into gelatin and Cl, while on the right of the isoelectric point the 

curves are the expression of the electrolytic dissociation of common 

+ — 

gelatin which dissociates like a verj'^ weak acid into gelatin and H. 
Hence the limited rise of conductivity on the right and the considerable 
rise on the left of the isoelectric point. 

The parallelism between the curve for conductiNuty and that for the 
other physical properties of the gelatin solution is so complete that the 
idea is unavoidable that the degree of conducti\dty, ix. of the ioniza- 
tion of the gelatin, determines all the other physical properties of the 
gelatin solution; the pH only entering to the extent as it influences 
the possibility and character of the ionization of the gelatin. We 
shall see presently, however, that this parallelism between the con- 
ductivity and the curve for the other physical properties of the 
gelatin solution does not hold throughout but that in addition to the 
degree of electrolytic (and hydrolytic) dissociation still another 
variable enters. The main fact for us is the typical asj’mmetrj’' of the 
two branches of tlie curve to the left and to the right of the iso- 
electric point, the branch on the left (the more acid side) being steeper 
and much higher than the branch on the right. 

A comparison of the curves of Figs. 2, 3, and 4 with those of Fig. 1 
vdll prove that gelatin when it ionizes will ionize on the right, less acid 
side of the isoelectric point as an anion, on the left, more acid side of 
the isoelectric point as a cation. 

Fig. 2 represents the effect of the same concentrations of HCl 
as Fig. 1, except that each acid solution contained so much Na;S 04 as 
to make them all m/16 for thissalt. We will call this system of curves 
tlie Na 2 S 04 -HCl curves to distinguish them from the pure HCl 
ounces represented by Fig. 1 . The powdered gelatin was put for 30 
minutes at 20° into these acid-salt mixtures and then freed from all 
the supernatant free add and salt by the process of washing described 
in the writer’s pre^■ious papers. If it is true that the isoelectric point 
is also a chemical turning point and that gelatin can ionize only as an 




Fig. 2. Ka;S 04 -HCl curves. Isoelectric point and minimum again near 
pH = 4.7. Values for osmotic pressure, swelling, and alcohol number on right of 
isoelectric point, where gelatin e.^ts as sodium gelatinate, higher than on left, 
where it erists as mixture of gelatin sulfate and gelatin chloride. The curves for 
osmotic pressure, swelling, and alcohol number are not parallel to the curve for 
conductivity. 
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cun'es for osmotic pressure, swelling, and alcohol number should be 
the reverse for the CaCNOs): series as that for Na:SO<. On the right 
side of the isoelectric point (for pH >4.7) gelatin should exist in the 
form of Ca gelatinate which according to our prexious obsenmtions 
has a low osmotic pressure, a low alcohol number. Ion \iscosit} , etc. 
Oh the left side of the isoelectric point it should exist in the form of 
gelatin chloride and nitrate in which form gelatin has a high osmotic 
pressure, swells considerably, has a high \'iscosity, and a high alcohol 
number. The forms of the cur\'es actualij’ found are represented in 
Fig. 3, and show that the facts agree ndth our theory. 

Our theory' finally demands that the two branches of the cun'e 
should become almost sjmmetrical in regard to the isoelectric point, 
if we add to the HCl a salt with univalent cation and univalent anion, 
€.g. NaBr. NaBr was added to the HCl solutions so as to make the 
solution 11/16 in regard to this salt, and Fig. 4 gives the cun'es for 
gelatin treated with NaBr-HCl. It is obidous that the branches of 
the cun'es to both sides of the isoelectric point are much more sym- , 
metrical than was the case in the three other groups of ounces. In 
this case we have on the right side of the isoelectric point Na-gelati- 
nate, on the left a mixture of gelatin bromide and chloride. On both 
sides of the isoelectric point we have gelatin in combination with 
univalent ions, which as we have shown in our preHous papers jneld a 
high osmotic pressure, a high swelling, etc. 

The experiments were repeated with other salts, Mg(N 03 ) 2 , Na- 
oxalate, etc., and our conclusions were confirmed. In the experi- 
ments described in this paper the reaction between the anions of the 
neutral salt with gelatin took place while the gelatin was in the acid 
solution; while the reaction between the cations of the neutral salt 
and gelatin could not take place while the gelatin was in the acid solu- 
tion since all these concentrations were on the acid side of the iso- 
electric point of gelatin. This reaction must have taken place after 
the add treatment and during the process of washing with H-O when 
the gelatin preHously treated with ii/256 HCl had reached a pH>4.7. 

This condusion is confirmed by the experiments in which the gelatin 
was first treated with add, then freed from the excess of add by 
perfusions with distilled water, and was then treated with a salt and 




Fig. 3. Ca(N 03 ) 2 -HCl curves, ilinima of all cui^-es again at pH = 4.7 
(isoelectric point). The branches of the curves for osmotic pressure, swelling, and 
alcohol number on the left, where gelatin e.xists as mi.xture of gelatin Cl and 
gelatin nitrate, higher than the branches on right of the isoelectric point, where 
gelatin e.xists as calcium gelatinate. 
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Fig. 4. NaBr-HCl cun.'es. Minima again at pH = 4.7 (isoelectric point). 
Cuu-es for osmotic pressure, swelling, and alcohol number almost sj-mmetrical in 
regard to isoelectric point. On left side gelatin chloride and bromide, on right 
side sodium gelatinate. 
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then freed again from the salt b}!- perfusion with water.= In this case 
the same results were obtained as those stated in this paper; namely: 
M^hcn pE of the gelatin solutions is >4.7, the gelatin can exist in an 
ionized condition only as an anion capable of combining -mih cations 
only to form metal gelatinates, while on the more acid side of the iso- 
electric point ipE <4.7) gelatin can exist in an ionized form only as a 
cation capable oj combining only with the anion of the neutral salt. 
This law holds probabty for all amphoteric electrol 3 des. The question 
then arises: How does an amphoteric electrolyte react ivith neutral 
salts at its isoelectric point? Before we answer this question we will . 
point out an important fact shown bj' our curves, though this has no 
direct bearing on the subject under discussion. 

HI. 

A comparison of the curves for the conductivities \vith those for the 
other properties of gelatin in Figs. T to 4 shows that the curves for 
conductivity are practically identical in all four figures as are also the 
values for pH; while the cur\'’es for osmotic pressure, etc., differ 
according to the valency of the ion combining with the gelatin. 
Since the conductivity curv^es are the direct e-xpression of the degree 
of electrolytic dissociation, W’e can now say that the difference in the 
effect of univalent and bivalent ions demonstrated in the writer’s 
prexdous publications is not merely a difference of the degree of ioni- 
zation of the gelatin but is due to another effect upon the gelatin mole- 
cule. The important w'ork by Langmuir and by Harkins on surface 
tension has suggested if not proved the idea of polarized molecules 
and of different degrees of solubility for different parts of the same 
organic molecule. It seems possible from their w'ork that the solu- 
bility is confined to certain groups of the gelatin molecule or the 
protein molecule in general. It is quite possible that this will ulti- 
mately explain why the entrance of a imivalent anion or cation into a 
gelatin molecule increases its solubility in water (or its attracting 
power for water molecules) and with this its osmotic pressure, alcohol 
number, xdscositj'’, etc., while the entrance of a bivalent ion (com- 

® In order not to increase the bulk of this paper we may be pardoned for omitting 
the details of these experiments. 
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billing possibly w-ith two or more molecules of gelatin) will not cause 
or may even prevent such an increase, without altering the con- 
ductiinty of the gelatin solution. The phj'sical qualities of a gelatin 
solution depend, therefore, aside from the degree of its electrolj tic 
dissociation and its hydrogen ion concentration upon a constitutional 
factor varying with the valencj'' of the ion with which the gelatin is 
in combination. We intend to return to this question in a later 
publication. 

W. 

The writer was curious to find out how gelatin reacts with neutral 
salts when brought to the isoelectric point. This was done by treating 
gelatin for 30 minutes with m/256 acetic acid or with m/256 or m/512 
HCl, etc., and then perfusing the gelatin repeatedly with 25 cc. of H:0 
in the way described. That the gelatin had reached the isoelectric 
point was ascertained by measurements of pH, of conducthity, osmotic 
pressure, etc. WTien gelatin on either side of the isoelectric point is 
treated with m/4 or m/8 NaCl or any other salt with univalent dnion 
or cation, it shows an increase in osmotic pressure, swelling, alcohol 
number, after the salt is washed away; when, however, gelatin rendered 
isoelectric in the way described is treated with the same solution of 
NaCl, all its physical properties, conducthity. osmotic pressure, 
swelling, alcohol number, transparency, remain unaltered after the 
salt is washed B.y,'a.y. It is immaterial whether we treat such gelatin 
with NaCl, NaiSO^, CaCl;, or any other neutral salt; and it is also 
immaterial whether we use high or low concentrations of these salts; 
the physical qualities of the gelatin remain unaltered.- Numerous 
experiments were made in which the nature of the acid, the concentra- 
tions, -the number of washings, etc., used to reach the isoelectric point 
varied, but aU jielded the same result, which means that at the 
isoelectric point gelatin is chemically inert, incapable of reacting -with 
neutral salts. WTien, however, the pH of the gelatin deriates only 
slightly from that of the isoelectric point by becoming either > or 
<4.7 , the neutral salts react with gelatin in the way described in this 
and prerious papers. 

This is exactly what our theorj’ demands, according to which gelatin 
can dissociate electrolytically only as an anion when pH is > 4.7, as 
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a cation when pH is <4.7. Hence it can dissociate as neither ivhen 
pH = 4.7. Not being able to dissociate electrolytically, it cannot 
react chemically with the ions of a neutral salt, as was found to be the 
case. 

This inability to dissociate electrolytically and hence to react with 
neutral salts at the isoelectric point should be a common propert}' of 
all amphoteric electrolytes and this seems to be the case. While 
this note goes to press a paper has appeared by ^'an Slyke and 
Baker, containing the following sentence. “At the isoelectric point 
casein combines with neither acid nor base;” i.e., -with neither cation 
nor anion. 

V. 

The facts shomi thus far support the idea that amphoteric electro- 
lytes dissociate in a different way on the two sides of the isoelectric 
point; on the less acid side of that point they can ionize only as 
anions capable of combining with the cations of neutral salts, but not 
with their anions; on the acid side of the isoelectric point they can ion- 
ize onl}' as cations capable of combining with the anion of a neutral 
salt, but not -with its cation. The question then arises: What will 
happen when we bring a salt like sodium gelatinate in which gelatin is an 
anion on the acid side of the isoelectric point? Our theory demands 
that sodium gelatinate produced by treating gelatin with NaOH 
should not continue to e.Nist when pH<4.7, and that in this case gela- 
tin should behave as if it had not been treated with NaOH. This is 
what actually happens. The writer made this e.\periment some time 
before he had arrived at the theorj'^ pubh'shed in this paper. He 
had undertaken the experiment in the e.xpectation that gelatin first 
treated with alkali and then with acid should show a superposition of 
the effects of both treatments. 1 gm. of finely powdered gelatin was 
put for 30 minutes at 20‘’C. into each of a series of beakers all con- 
taining m/32 NaOH. After this, each powder was put on a filter, the 
alkali was allowed to drain off, and each filter was perfused four times 
with 25 cc. of HjO to remove the last traces of NaOH held in the 
capillary spaces (except the NaOH fonned by the hydrolytic dissocia- 
tion of the sodium gelatinate). Then each filter was perfused three 
t’an Slyke, L. L., and Baker, J. C., J. Biol. Chan., 1918, .v\xv, 147. 
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times with 25 cc. of a HCl solution which varied for the difiercnt filters 
from m/8 to m/8192, and after tliis each filter was perfused four times 
with H;0 to remove the HCl not bound by the gelatin. 

The result is given in the cur\-es of Fig. 5 for the conductiN-ity, 
osmotic pressure, swelling, and alcohol number. The curves shou a 
marked minimum at about pH = 4.8; i.c., the isoelectric point. 
The appearance of this low minimum of the values for conductimty, 
osmotic pressure, swelling, etc., characteristic of the isoelectric point, 
was at first a surprise and a puzzle to the miter. On the right side 
the curve of osmotic pressure rises to a value of 125 to 150 mm. which 
corresponds to the value for gelatin treated with m/32 NaOH and 
washed ten times'mth HiO (without any subsequent treatment with 
HCl). On the acid side of the isoelectric point the cun'e of osmotic 
pressure rises to that point which corresponds to the effect the same 
concentration of HCl has on gelatin not previously treated with alkali. 
Hence the result of the acid treatment is on the left, more acid side 
from the isoelectric point, exactly the same as when we use gelatin not 
previously treated with m/32 NaOH and apply to it the same treat- 
ment with HCl as in this experiment; while on the right, less acid side 
of the isoelectric point, it is the same as if the gelatin had been treated 
with NaOH of increasing concentrations. 

This permits of only one explanation, which in the light of the 
experiments published in the preceding parts of this paper is as fol- 
lows. Sodium gelatinate, or perhaps more correctly a negative 
gelatin ion, cannot continue to exist except at hydrogen ion concen- 
trations lower than that defining the isoelectric point. This means 
that in the acid solutions all or most of the sodium gelatinate must have 
given off its sodiiun ions and must have been retransformed into the 
weak gelatin acid; or some other constitutional (tautomeric?) change 
must have occurred in the gelatin molecule on the acid side of the 
isoelectric point. On the alkali side of the isoelectric point the sodium 
gelatinate could and did continue to exist. 

This experiment was repeated with different concentrations of adds 
and alkahes, all confirming our conclusions. The experiment was 
also reversed, i.c. the gelatin was first treated with add and then with 
alkali, and again our theory' was confirmed. 

It is of interest to see our view confirmed also by another set of 
facts. It has long been known that proteins and probably ampho- 
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' Fig. 5. m/32 NaOH foUowed by HCI treatment. Minima at pH = 4.8 
'(isoelectric point) . Branches of curves on left side almost identical vrith those of 
Fig. 1 (where HCI alone was applied). On the left side of isoelectric point 
.gelatin exists as gelatin chloridCj on the right side as sodium gelatinate. 


teric electrolytes in general stain with acid dyes in an acid but not in an 
alkali solution, and with basic dyes only in an alkaline solution. This 
agrees with our theorj' that an amphoteric electrolyte like gelatin can 
exist as an anion capable of combining with a basic dye (e.g. neutral 
red) only on the basic side of its isoelectric point, and that gelatin 
can exist as a cation capable of combining with acid dyes (e.g. acid 
fuchsin) only on the acid side of its isoelectric point. Our theorj' 
further demands that gelatin when stained mth neutral red should 
give off its dye in solutions on the acid side of its isoelectric point, 
since on this side of the isoelectric point gelatin can no longer exist as 
an anion, while gelatin stained with acid fuchsin should give off its 
dye in solutions with a pH >4.7. since here the gelatin can no longer 
exist as a cation. All this turns out as our theor\- demands. The 
writer intends to make further experiments on this problem, but the 
facts thus far obseix'ed support our theoiy- that when dissociating 
electrolytically an amphoteric electrolyte is stable as an anion only 
on the basic side of its isoelectric point, and as cation on the acid side 
of its isoelectric point. Of course, in a non-ionized condition gelatin 
may exist at any pH. 

Another apparent support of our theorx' lies in the old obser\'ation 
made by Hamburger” on the absorption of Cl and SO 4 by the red 
blood corpuscles from serum when the CO 2 of the blood rises. In this 
- case it is probably simply a question of raising the pH of the blood 
above that of the isoelectric point for hemoglobin, which is near the 
point of neutrality. The whole problem of the retention and excre- 
tion of electrol}4;es by the body may become intelligible from the fact 
proved in this paper that proteins or amphoteric electrolytes in general 
can exist as cations only (and have a tendency to become cations) 
on the more acid side of the isoelectric point, while they can exist as 
anions only (and have a tendency to become anions) on the less acid 
side of their isoelectric point. 

” Hamburger, H. J., and van Lier, G. A., .drc/i. Physiol., 1902, 492. Ham- 
burger, Biochcm. Z., 1918, kxxvi, 309. See also, Hasselbalch, K. A and' 
Warburg, E. J., ibid., 1918, bnx%d, 410. 
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SUMMARY. 

1. It has been shomi in this paper that while non-ionized gelatin 
may exist in gelatin solutions on both sides of the isoelectric point 
(which lies for gelatin at a hydrogen ion concentration of Cji= 2.10'-' 
or pH = 4.7), gelatin, when it ionizes, can only exist as an anion on the 
less acid side of its isoelectric point (pH >4.7), as a cation only on the 
more acid side of its isoelectric point (pH <4.7). At the isoelectric 
point gelatin can dissociate practically neither as anion nor as cation. 

2. IVhen gelatin has been transformed into sodium gelatinate by 
treating it for some time ndth m/32 NaOH, and ivhen it is subsequently 
treated with HCl, the gelatin shows on the more acid side of the iso- 
electric point effects of the acid treatment onlj' ; while the effects of tlie 
alkali treatment disappear completelj'^, showing that the negative 
gelatin ions formed by the previous treatment vdth alkali can no 
longer exist in a solution vdth a pH <4.7. WTien gelatin is first 
treated with acid and aftenvards with alkali on the alkaline side 
of the isoelectric point only the effects of the alkali treatment are 
noticeable. 

3. On the acid side of the isoelectric point amphoteric electroljdes 
can only combine with the anions of neutral salts, on the less acid side 
of their isoelectric point only with cations; and at the isoelectric 
point neither ndth the anion nor cation of a neutral salt. This har- 
monizes vdth the statement made in the first paragraph, and the 
experimental results on the effect of neutral salts on gelatin published 
in the writer’s pre\dous papers, 

4. The reason for this influence of the hydrogen ion concentration 
on the stability of the two forms of ionization possible for an ampho- 
teric electroljde is at present unknown. We might think of the possi- 
bility of changes in the configuration or constitution of the gelatin 
molecule whereby ionized gelatin can exist only as an anion on the 
alkaline side and as a cation on the acid side of its isoelectric point. 

5. The literature of colloid chemistry' contains numerous state- 
ments which if true would mean that the anions of neutral salts act 
on gelatin on the alkaline side of the isoelectric point, c.g. the alleged 
effect of the Hofmeister series of anions on the swelling and osmotic 
pressure of common gelatin in neutral solutions, and the statement 
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that both ions of a neutral salt influence a protein simultaneously. 
The -RTiter has shown in pre^^ous publications that these statements 
are contrary' to fact and based on erroneous methods of work. Our 
present paper shows that these clauns of colloid chemists are also 
theoretically impossible. 

6. In addition to other physical properties the conducti\-ity of 
gelatin pre^^ously treated with acids has been investigated and 
plotted, and it was found that this conducti\'ity is a minimum in the 
region of the isoelectric point, thus confirming the conclusion tliat 
gelatin can apparently not exist in ionized condition at that point. 
The conducti\-ity rises on either side of the isoelectric point, but not 
sjunmetrically for reasons given in the paper. It is shown that the 
cur\’es for osmotic pressure, \iscosity. swelling, and alcohol number 
run parallel to the cur\-e of the conducti\'i'ty of gelatin when the 
gelatin has been treated with acid, supporting the \'iew that these 
physical properties are in this case mainly or exclusively a function of 
the degree of ionization of the gelatin or gelatin salt formed. It is 
pointed out, however, that certain constitutional factors, e.g. the 
valency of the ion in combination with the gelatin, may alter the 
physical properties of the gelatin (osmotic pressure, etc.) without 
apparently altering its conductmtj-. This point is still under investi- 
gation and will be further discussed in a following publication. 

7. It is shown that the isoelectric point of an amphoteric electro- 
lyte is not only a point where the physical properties of an am- 
pholyte experience a sharp drop and become a minimiTm but that 
it is also a turning point for the mode of chemical reactions of the 
ampholyte. It may turn out that this chemical influence of the 
isoelectric point upon life phenomena overshadows its physical 
influence. 

8. These experiments suggest that thetheorj- of amphoteric colloids 
is in its general features identical with the theorj- of inorganic 
hydroxides {c.g. aluminum hydroxide), whose behavior is adequately 
understood on the basis of the laws of general chemisti^-. 

Addendiun. Since this paper went to print the writer has been 
able to show by volumetric anah'sis that the ^^ew expressed in 
this paper is correct; namely, that on the alkaline side from the 
isoelectric point gelatin combines with the cation of a neutral salt 

J 
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while on the more acid side from the isoelectric point it combines 
with the anion of a neutral salt. The curve for the amount of 
cation or anion in combination with the gelatin runs parallel with 
the curves for osmotic pressure, swelling, etc. The new experi- 
ments will be discussed in the second number of this Journal. 



A THEORY OF THE AIECHANISM OF DISINFECTION, 
HEIMOLYSIS, AND SIMILAR PROCESSES. 

By S. C. brooks. 

{From the Harvard School of Tropical Medicine, Boston.) 

(Received for publication, July 25, 1918.) 

The apparent course of such processes as hemolysis is determined 
by the rate of change in the number of li\nng cells which have under- 
gone some definite alteration, such as laking or loss of Yuability. A 
great deal of confusion has arisen from the attempts of various in- 
vestigators to deduce from the observed course of disinfection and 
hemolysis the nature of their fundamental reactions. Processes of 
this kind have often been looked upon as due to reactions of a mono- 
molecular U-pe, solely because of a superficial resemblance betvreen 
the curves e.vpressing the rate of progress of the two phenomena. 

This paper is a critical discussion of the part played by the physico- 
chemical process or group of processes leading to death, laking, and 
similar effects in determining progressive changes in the number of 
indhddual cells succumbing in successive units of time to the action 
of the deleterious agent. These physicochemical processes in the 
protoplasm may, for the sake of bre\ity, be termed the “fimdamental 
reaction;” by the “course of the process” we shall understand the 
time curve of any process like hemolysis or disinfection. The subject 
is treated in four sections dealing with (1) the evidence that the degree 
of hemolysis is determined by the number of cells which are laked, 
and that this depends on the fact that individual cells possess different 
degrees of resistance; (2) the influence taken singly and in combina- 
tion, of changes in the variation curve of resistance and of progressive 
changes in the velocity of the fundamental reaction; (3) the hypotheses 
advanced to account for the observed course of disinfection, hemolysis, 
and like processes; (4) the interpretation and significance of the time 
curves of such processes. 
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I. 

If erythroc 3 ''tes are suspended in an indifferent medium and sub- 
jected to a brief radiation from a mercurj'' A'apor arc in quartz, or 
if the^' are suspended in an appropriate dilution of serum acting in 
conjunction irith a specific antibodjq there ensues a gradual liberation 
of hemoglobin. In both cases tliis process begins at a rather slow 
rate which gradually increases, passes through a maximum, and then 
gradual!}' falls off until it becomes comparable with the rate of spon- 
taneous laking. (See Table I.) 


TABLE i. 


Observed Course of Hemolysis; 100 Per Cent Signifies Completion. 


Specific serum hemol>*sis. 


10 min. e3rr>03Ufe to Hg. 


arc in' quartz. 

E-xperiment 26. complement 

0.2 percent. 

Experiment 20, com- 
plement 0.6" per cent 

Experiment 20, com- 
plement 0.23 per cent 

Time after 
radiation. 

Colorimetric 

estimation. 


Color. 



on 

Time. 

Color. 

min. 

per cent 

min. 

per cent 

per cent 

min. 

per cent 

min. 

per cent 

5 

1 

0 

0 

0 

0 

0 

0 

0 

12 

2 

3 

3 

— 

10 

65 

30 

5 

19 

3 

6 

5 

12 

20 

94 

60 

28 

37 

5 

10 

10 

— 

40 

100 

120 

38 

55 

12 

14 

21 

45 



210 

45 

8S 

29" 

20 

30 

— 





145 

55 

28 

56 

55 





205 

72 

41 

67 

73 





295 

87 

56 

74 

— 





660 

100 

85 

SI 

79 







112 

81 

— 







155 

82 

82 







1,320 

100 . 

100 






Plotting as ordinates the amount of hemoglobin liberated, and as 
abscissje the times of sampling, one obtains nsj-mmetrical sigmoid 
curves such as those shown in Fig. 1. The gradual retardation and 
final apparent equilibrium is either due to exhaustion or inactivation 
of the lytic agent, or if the concentration of the lytic agent (photo- 
product or serum) is increased above that necessarj- to produce com- 
plete hemolysis in a few hours, tlie process ceases because of the ex- 
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haustion of the supph- of cells. (In the latter case we may conceive 
that the fundamental reaction is still proceeding at a relatively rapid 
rate even in the most resistant cells at the time when the\ succumb.) 

Enumeration of the red blood cells \'isible in a given volume of sus- 
pension at various stages of hcmoh'sis shows that the amount of 
hemoglobin liberated is very nearly proportional to the number of 
cells which have lost their pigment (Table I and Fig. 1). Handovsky* 
finds a sinrilar parallelism between the disappearance of cells and the 
liberation of hemoglobin when erythrocytes are partially hemolyzed 
by saponin in low concentrations. 



Fig. 1. The time cur\'e of hemolysis produced by u]tra-\dolet radiation (solid 
circles), and by various dilutions of complement acting on specifically sensitized 
cells (open circles): the degree of hemolysis was colorimetrically determined. 
The crosses represent the degree of hemolysis as determined by cell counts during 
the course of the process represented by the adjoining cur\'e. The ordinates 
represent the amount of hemolysis in per cent of completion,' and the abscisste, 
time in minutes. 

The course of hemolysis depends therefore on the relative number of 
red blood cells having in digerent degrees the power to resist the ac- 
tion of the lytic agent. For since the amount of hemoglobin liberated 
is always proportional to the number of erj-throcytes which have dis- 
appeared we must regard the observed course of hemolysis as the 
summation of the laking of individual cells at varjdng times after they 
are subjected to the condition leading to hemolysis. A few relatively 

' Handovsky, H., Arch. exp. Path. u. Pharmahol., 1912, Lvls:. 412. 
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fragile cells are laked almost immediately, the resistant ones survive 
for many hours, but most of tlie cells succiunb during an intermediate 
period when the observed rate of hemotysis is 'at a maximum. 
WTien hemoglobin finally begins to diffuse from a given erythrocyte, 
the process is so quickly completed that it may ordinarily be regarded 
as instantaneous. It is obmous that an increase in the relative 
number of, for example, the more fragile cells would accelerate the 
earlier stages of hemoglobin liberation, while a decrease would produce 
a corresponding retardation. 


II. 

There are two ways of expressing graphically the progress of hemol- 
ysis: the time curve or course, whose ordinates are proportional to 
the total number of cells laked; and. the rate curve, whose ordinates 
are proportional to the number of individuals laking in a unit of time. 
The former is the more frequentty found in hemolytic studies, while 
the latter is the “mortalit}'’ curv’e” of vital statistics. If one of'these 
curves is knoum the other may be found by graphical methods. For 
instance, let us suppose that we have onty the mortality curve: the 
ordinates of tlie time curve represent the total number of individuals 
having insufiicient resistance to survive beyond the indicated time; 
the area enclosed b}”^ the mortality curve corresponds to the total 
number of indmduals; the area enclosed by the ordinate at an}’^ point 
on the X axis and the part of the mortality cun^e to the left of the 
ordinate, is proportional to the number of cells ha\’Tng less than the 
indicated resistance, and is therefore also proportional to the corre- 
sponding ordinate of the time curve. If the mortality cun-e is plotted 
on suitable coordinate paper these areas may easily be estimated with 
sufficient accuracy, ordinates proportional to them erected at the 
corresponding points on the a; axis, and their tops connected b}’' a 
smoothed curv^e. This will be the time curve, and, since the process of 
finding it is a process of integration, it is at the same time an integral 
curve. 

If we have only the time curve, or integral, it is easy to see that the 
rate of hemolysis, that is the number of cells laking in a rmit of time, 
is represented b}' the slope of the time cun'’e; the steeper the time 
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cun^e, the more indmduals are succumbing per minute. The ordi- 
nates of the mortality cur\-e are then at any time proportional to the 
steepness of the time cun'e. The slope or steepness is best found by 
plotting the time curve on suitable coordinate paper, drawing straight 
lines tangent to it at several points, and counting the number of 
squares passed over vertically by such lines for a given number passed 
over horizontally. This ratio is the trigonometric tangent of the slope 
of the time cur\-e. If we draw ordinates proportional to these ratios 
at corresponding points on the x axis, and connect the tops of these 
ordinates by a smooth curve, we shall obtain the rate or mortality 
curve. Since the process by which we have gotten the rate curve is a 
graphic method of differentiation, we may consider the cur\'e to be 
the differential of the time or integral cur\'e.- 
Under certain conditions the mortality cur\'e may be identical with 
the variation or frequenc}’’ cur\'’e of indi\idual resistance. In the 
following paragraphs the relationship between the thne cuiv'e and 
the variation curve is considered, starring with the simplest imagin- 
able conditions, then varying the frequency' curve alone, the course of 
the fimdamental reaction alone, and finally both together. 

If the rate of hemolysis is uniform, its time curve would be a 
sloping straight line (the integral ciuve, c. Fig. 2), while since its 
tangent or slope is the same at every- point, the differential or mortalitj' 
curv'e would be a straight line parallel to the a.xis of the absciss® 
(5, Fig. 2); this condition could be expressed by the differential 
equation 

dn f 

dt 

where n is the number of cells, / the time, and kisa. constant. 

If we now assume the cells to be divided into classes differing from 
each other by one unit of resistance (r) (defining as a unit of resistance 
the power to resist one unit of fundamental reaction; e.g ., the forma- 
tion of one mol of to.xic substance), and further assume that the fun- 
damental reaction is proceeding at a uniform rate, the differential 
equation may be replaced by the equation of a frequency' curve, or 

^ = This relationship has been suggested by Davey (/. Exp. Zool., 1917, ssii, 
573), in connection n-ith cur\'es representing the per cent of death occurring 
among flour beetles {TnhoUum confusum) at various times after X-radiatidn. 
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variation curve in which all classes are equal in respect to number of 
individuals. This equation is y=yc, where yo is the number of indi- 
viduals in any one of the equal classes which is arbitrarily selected as 
the mode, and y is the number of individuals ha\Tng x units of resist- 
ance less or more than the mode. It is obvious that in this par- 
ticular case any class may be the mode. IVhen the equation assumes 
a different form so that the classes are imequal (as in the ordinary 
curves found in biological work) and in consequence y varies, yo is 
the maximum ordinate of the variation curve. 



Fig. 2. The relation between the time curve (o) of a reaction proceeding at a 
constant rate, and the curve of the differential equation (i). The ordinates repre- 
sent the extent to which the reaction has proceeded (a) or the rate at which it is 
proceeding (6), and the absciss® represent time. 

In order to understand the effect of changes in the shape of such 
variation cuiw^es, that is of changes in the relative number of cells 
ha'sdng different degrees of resistance, let us retain the assumption 
that the fundamental reaction proceeds at a uniform rate; for this 
allows us to think of the variation curs^e (abscissa: = resistance) as 
being at the same time the differential of the time curve (abscissas = 
time). Now suppose the variation curv’e to have the form (a, Fig. 3) 
commonly found in biological statistics, of a “skew frequency curve of 
limited range” whose equation according to Pearson^ is 

where kis a constant, and Xi and Xi the number of degrees of resist- 
’ Pearson, K., P/iil. Tr., A, 1895, dxxxvi, 343. 
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ance less and more, respectively, than the mode, possessed by the 
most fragile and most resistant classes. Here .Vi + is the total 
range of resistance of all the cells. A cun'e of this t)-pe (a) and its 
integral, or time cun’e, {b) are shown in Fig. 3; the time cune has a 
form not unlike that of the cun-es for the course of hemolysis. 

If we suppose, with some investigators, that the resistance of the 
cells varies around an average from which it does not deviate to an 
extent sufficient to influence the course of the process, we must con- 
sider all the cells to be in a single class with respect to resistance. 



Fig. 3. (o) variation curve whose equation is 

y = >’« "k 0 ~ I ^ = 2, X; = 6, fc = 0.5. 

If (a) is considered as the curce of a differential equation, (b) is the curve of the 
corresponding integral. The ordinates of (6) are proportionate at any position 
on the X axis (abscissas) to the area to the left of the ordinate at that position, and 
under the curve (o). 


The frequency curve will then be so narrow as to be approximately a 
straight line normal to the axis of the abscissae at some point. Its 
integral, which is the time curve of the process, will follow the axis of 
abscissae to this point, and then rise perpendicularly to its ultimate 
height. In other words, if the process were hemolysis, all the cells 
would lake at the same instant. This conclusion may be avoided, 
theoretical!}’ at least, by making one of the special assmnptions 
which are discussed below’. 
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As a matter of fact the exact shape of the frequency cur\'e — that 
is the relative abundance of cells haAnng different degrees of resistance 
to' any given lytic agent — is not of general significance, for it depends 
on the condition and pre\'ious treatment of the animal from which 
the cells are secured, on the nature of the lysin, etc. For example, 
Handovsky* has shown that during the regeneration of erythrocytes 
foUoiving artificalty induced anemia there are two groups of erythro- 
C3'tes, one of which has a higher average resistance to hemolysis by 
saponin than the other; differentiation of cur\'es representing the 
course of the hemolysis of such .blood cells gives a bimodal variation 
curve. The same author has shown that alterations in resistance 
ma}^ appear in opposite senses according to the choice of tytic agents ; 
e.g., the blood cells of dormant bats are less resistant to the action of 
saponin, but more resistant to that of sodium hydroxide than those 
of active bats. 

We may sum up the influence of variations of resistance bj' sajnng 
that they determine the general shape and points of inflection of the 
cur^^es expressing the course of such processes, and that, therefore, 
in the absence of further anatysis such curves tell us nothing as to the 
nature of the fundamental reaction. 

Changes in velocit}’- during successive stages of the fundamental 
reaction will obwousty produce corresponding changes in the time 
required to produce a given degree of hemolysis, and will therefore 
alter the shape of the time cuiA'e. We have seen that when the 
equation of the variation curve of resistance is of the form 

y = yi> 

and the velocitj’’ of the fimdamental reaction is constant, the time 
curv^e of the reaction is identical with that of the process as a whole. 
A moment’s reflection will show that, whatever tlie coiHse of the 
fundamental reaction, so long as the variation curve remains of this 
form the same identity will appear. If for example the fundamental 
reaction is monomolecular, the course of the process will appear 
monomolecular. 

The relative length of time required for the process to reach am- 
given stage (i.e. the abscissa of the time cur\-e for any given ordinate) 
will be greater for the same initial velocity in the case of a monomo- 
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lecular reaction than in the case of a reaction proceeding at a constant 
rate, and the lengths will be still greater for reactions of higher orders. 

The relative times, h and to, required for two reactions with the same 
initial velocity to reach the same stage, when one is monomolecular 
and the other has a constant velocity, may be easily derived from the 
equations of the two time cur\'es. The expression is 

X a — X 

where In is the logarithm to the base e (2.3026 logm may advan- 

a — .r 

tageouslv be used in place of In and where a is the initial 

° ■ a— X 

amount of the reacting substance, and x the amoimt transformed at 

anj’ given stage; and .v are usually stated in per cent. 

If we compare the rates of hemolysis which would result from the 
action of two fundamental reactions of different orders, we find that 
the relative time required to reach a given stage will be the same 
regardless of the variation cutx’e of the cells affected; if the shape of 
the variation cur\‘e is given by some equation other than y = yo 
(which gives identical time curx'es for the fimdamental reaction and 
for the process as a whole), we can still calculate the relative lengths 
of time required for the process to reach a given stage, according 
to the order of the fundamental reaction. If the fundamental reac- 
tion is monomolecular or of a higher order, we must use as abscissae dis- 
tances which are as much greater than those of the time cun’e when 
the fundamental reaction has a constant velocity, as is indicated by 
calculations like that given above. This is most easily done if it is 
assumed that the hemolysis and the fundamental reaction reach 
completion simultaneously, but may still be calculated for a known 
excess or deficiency of the lytic agent. In Fig. 4 are given the coiurses 
which would be assumed by a process taking place in a group of cells, 
the equation of whose variation cur\’e was 



if the fundamental reaction were (a) proceeding with a constant 
velocity; {b) proceeding according to the law of monomolecular 
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reactions. Here again we find a curve b which simulates the observed 
curves for the course of hemolysis. We shall return to this point 
later on. - 



Fig. 4. The time curve of a process occurring in a group of individuals having a 

1 - ^ j , if the fundamental reac- 
tion proceeds at a uniform velocity (a), and if it proceeds according to the law of 
monomolepular reactions (6). Here .-ci =1.5 and k = 2. The ordinates repre- 
sent degree of completion of the process, and the absciss®, time. 

III. 

Various investigators have reported that bacteria in the presence 
of disinfectants die at a rate which is at any given time proportional 
to the number of organisms then surviving.'*"” This condition would 
be described by the equation 

— = kttt, or nt = ttiC 

at 

where iia and m are the number of bacteria at the begi nnin g of the 
experiment and at t units of time thereafter, and c is the base of 
the natural system of logarithms. This is the equation of the mono- 

'* Madsen, T., and Nyman, M., Z. Hyg., 1907, Ivii, 388. 

” Chick, H., J. Hyg., 1908, viu, 92. 

® Chick, J. Hyg., 1910, .v, 237. ' 

” Phelps, E. B., J. Infect. Dis., 1911, viii, 27. 

” Eijkman, C., Folia Microbiol., 1912, i, 359. 

” Reichenbach, H., Z. Hyg., 1911, Ixix, 171. 
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molecular reaction isotherm. Similar relationships have been reported 
in the case of hemolysis, which is a process in many ways similar 
to disinfection;^®-^^ although in this case a so called “induction period,” 
often of considerable length (Dreyer and his coworkers) intervenes 
before the hemolysis appears to follow the course of a monomolecular 
reaction. In both hemolysis and disinfection a large number of 
single living cells are exposed to the action of an agent which ulti- 
mately induces in the cell some change which we can detect; in one 
case loss of power to reproduce; in the other, loss of a pigment; in 
both cases there is great variation in the length of time required to 
bring about the critical change in different cells. Han'ey*^ considers 
the equation for monomolecular reactions to be applicable to the loss 
of motility suffered bj" cells of Chlainydomoms subjected to the 
action of hydrochloric acid in great dilution; while Darwin and Black- 
man, according to Arrhenius,^® saw the same relationship when they 
allowed various killing agents to act on seeds. These citations, 
while by no means complete, will suffice to indicate the wide range 
of phenomena which have been studied from this point of view. 

Some authors, like Dreyer and his coworkers, have not attempted 
to attribute the apparent analogj’’ of these processes with monomolec- 
ular reactions to any single relationship, but some other authors 
have devoted to this phenomenon a great deal of discussion which 
does not seem to have been based upon a comprehensive knowledge 
of the subject, for their attempts to explain the analog)’’ -will not bear 
criticism, and none of their criticisms are entirely satisfactor)^ The 
difficult)’ is largely due to failure to see the necessar)’ consequences of 
uniformity in resistance, or to disregard of the possible influence of 
progressive changes in the velocity of the fundamental reaction. 


Arrhenius, S., and Madsen, T., Z. physik. Cliem., 1903, iliv, 33. 

** Henri, V., Compl. rend. Sac. bioL, 1903, Ivii, 37. 

■^von Liebermann, L., and von Fenjwessy, B., Z. Ivmiinitalsforscli., Orig. 
1912, xii, 417. ’ 


” Salomonsen, C. J., and Dreyer, G., Compl. rend. Acad., 1907, adiv, 999. 

“ Dreyer, G., and Hanssen, 0., Compl. rend. Acad., 1907, cxiv, 371. " 
'■“Har\-ey, H. W., Ann. Bol., 1909, rsiii, 181. 

.■\.rrhemus', S., Quantitative laws in biological chemistry, London, 1915, 
interprets in this way the experiments of Darwin, N., and Blackman, A. Refi 
rSlk Meeting, 1908, Bril. Assn. Adv. Sc., 1909, 902: 
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Madsen and N}Tnan,^ who were the first to notice the analogy, 
recognized the fact that variability among the cells was a factor to 
be reckoned with, but appear nevertheless to have regarded their 
curves as expressions of the average rate of change in the indhddual 
cells. We have seen that it is impossible, without special assumptions, 
to account for the phenomenon on this basis. Miss Chick,® working 
independently, secured data like those of Madsen and Njunan, but 
states • explicitl}'- that the monomolecular reaction formula is 
applicable to the process, “ one reagent being represented by the dis- 
infectant” which being present in excess may be regarded as having 
a constant concentration, “and the second by the protoplasm of the 
bacterium;” she amplifies this statement by making the supposition 
that the bacteria undergo rapid cyclic variations in their ability to 
react with the disinfectant. Phelps’ in developing Miss Chick’s 
method for standardizing disinfectants, adopts the same explanation. 
Arrhenius*® says, “there is no doubt that the different cells in a sample 
of bacteria or red blood-corpuscles possess a different power of resist- 
ance to deleterious substances,” but that “the different lifetime of the 
different bacteria does not, therefore, depend in a sensible degree on 
their different abilitj’- to resist the destructive action of the poison,” 
and accepts Chick’s explanation, as does Eijkman,® at least in ' the 
case of certain bacteria. 

The acceptance of such an explanation makes it necessar}’’ to 
assmne that loss of viability, like the breaking up of a single molecule 
of saccharose during inversion, takes place in a single step; in other 
words, that the disinfectant cannot have any cumulative effect on 
the viability of indmdual cells. If the loss of viability occurred in 
two or more steps, some or all of the cells sur\'imng at ’any time during 
the process would be “partially dead,” and a greater proportion of 
them would succumb in any given interx^al of time than would have 
done so during the same interval at the beginning of the process when 
all of the cells were entirely imaffected. In other words the per cent 
death would increase during the process instead of remaining con- 
stant as demanded b}" the law of monomolecular reactions. 

.. This assumption that death occurs at a boimd, as it were, is surpris- 
ingly at variance with the usual conception of vital processes. It 
seems to necessitate thai we regard a Ihnng cell as being djmamically 
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comparable to a molecrile. For this reason Robertson^' has ofltered 
another explanation for the apparent exponential decrease in the 
number of survwng cells; i.e., for the apparent applicability of the 
law of monomolecular reactions. His explanation assumes the colli- 
sions ndth the disinfectant molecules to be distributed fortuitous!}' 
among the different indmduals of a homogeneous group of cells. 
Since it would be out of place to consider here the details of his 
mathematical proof, it must suffice to point out that Robertson's 
quantity x, ‘‘the number of units of the underlying change.” must 
apparently be at one and the same time a constant, and an expo- 
nential function of time. This impossible assumption is the basis of 
Robertson’s whole proof. Other mathematical inconsistencies occur, 
but are of relatively little consequence. 

In a subsequent paper® Miss Chick modifies her original theor}' 
by assuming that it is the protein molecules of the bacterial proto- 
plasm, which, like the sugar molecules during hydrolysis, undergo 
the c}'clic changes in energ}'- content, upon which depend their ability 
to react. The concentration of these protein molecules at any moment 
would then, according to Jiliss Chick, determine the rate of death of 
the bacteria at that moment. We have already seen that under these 
conditions the cells oka group of uniformly resistant indi\*iduals, such 
as Miss Chick postulates, would all die at one time. If the course of 
disinfection is to parallel that of the reaction, the diametrically oppo- 
site condition must prevail; namely, one in which the cells are equally 
distributed among all the possible classes of resistance; in other words, 
the equation of the variation cur\'e must be y = yo. 

Von Liebermann and von Fen}-\'essy'= explained the hemol}'tic 
“monomolecular cur\'e” on the basis of the probable rate of e.xit of 
hemoglobin from the indiAddual cell, from which the pigment might 
be supposed to diffuse at a rate proportional to the difference between 
the intra- and extracellular hemoglobin concentrations. This e.xplan- 
ation is eHdently in conflict with the observed progressive decrease in 
the number of intact er}'throcytes, and with the fact reported by 
•Dienes'® that there is a nearly constant ratio between the hemoglobin 

‘‘ Robertson, T. B.. J. Hyg., 1914, xiv. 143. 

Dienes. L.. Bioclicm. /., 1911, xxxiii, 268. 



74 


MECHANISM OF DISINFECTION AND HEMOLYSIS 


content and the dry weight of the residual cells at various stages of 
hemolysis. 

Since none of the explanations given above is satisfactory let us 
see whether the experimental facts .necessitate the assumption that 
the equation of the monomolecular reaction is a complete description 
of the process of disinfection. Examination shows that none of the 
experiments already referred to include the observations necessary 
for the study of the first part of the process; the second observation 
was almost without exception deferred until the process was nearly 
half complete. It also appears that in many experiments the “initial” 
munber of cells was determined after an appreciable part of the process 
had occurred, that is after the most fragile ceUs had already suc- 
cumbed, and while the reaction was proceeding so rapidly that the 
slightest errors in the time of sampling would produce great differences 
in the number of cells recorded. 

It is quite impossible to judge correctly the validity of formulas 
based on such inadequate data. In Fig. 5, 1 have plotted the points 
of that one of Chick’s cur\"es which shows the best agreement with a 
monomolecular reaction cur\''e, a similar cuiY’’e for the number of 
Chlamydomonas cells immobilized at intervals after exposure to 
dilute hydrochloric acid (Harvey,**), a cur\'e for normal serum hemol- 
ysis (Henri,**), and an original curve (from which the first few ob- 
servations are omitted) for hemolysis after ultra-violet radiation. In 
the last two cases hemolysis was estimated colorimetrically. A 
monomolecular reaction curve is drawn for comparison with these ’ 
points, and the scales of the abscissas are so arranged as to make the 
curves coincide at the point where the effect is half completed. The 
agreement of the points with the monomolecular reaction curv'e is 
about equally close. But in this same figure the curve for the original 
hemolytic experiment is also draivn 'with the abscissae on a larger 
scale and with the first few observations included. It is ob'vious that 
these first few observations are most important. One suspects 
that had these observ^ers but made sufficient observations during the 
first part of the process, they would have found that disinfection, 
killing of seeds, etc., are processes which, like hemolysis, are initially 
slow and only subsequently attain their maximiun velocity. As a 
matter of fact this is what a number of other workers have foimd. 
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Dreyer and his coworkers, for example, found that only after a con- 
siderable period of slow laking, did the course of the hcmo\ys^ m- 
duced by a and P rays of radium and by ultra-%nolet radiation follow 
the course of a monomolecular reaction; this initial lag they call, 
tentatively, a period of induction. 

Eijkman® has shonm that the shape of the disinfection time cun,'e 
is peculiar to the particular culture of bacteria used, and to some 



Fig. 5. The upper curve is the monomolecular reaction isotherm, beside which 
are plotted esperimentally determined points for normal serum hemolysis (Henri, 
asterisks), the immobilization of Chlamydomoms by 0.009 per cent HCl (Harvey, 
diagonal crosses), disinfection (Chick, erect crosses), and hemolysis by ultra- 
violet radiation (original, circles) ; the abscissse were so adjusted in plotting these 
points as to make their curves coincide with the monomolecular reaction isotherm 
at 50 per cent. The lower curve represents the course of the same iJtra-violet 
hemob’sis, but with the absdssje plotted on a larger scale, and with the addition 
of 5 points determined during the first part of the process. The ordinates repre- 
sent degree of completion of the procefe, and abscissa, time. 

extent characteristic of the species. Both Eijkman and Reichen- 
bach'’ have secured disinfection time curves which, even when determi- 
nations during the early stages of the process are included, do not 
diverge very greatly from the exponential or monomolecular tj^pe of 
curt-e. It is possible to explain such curves either by assuming a 
monomolecular fundamental reaction and a variation curt'e of the 
form y = yo, or by assuming a fundamental reaction proceeding at a 
uniform rate, and a variation curve of the form 

y = 


.( 2 ) 
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Yule’s formulas lead to a “monomolecular” cur\-e. It seems more 
rational to adopt some explanation which takes into account the 
individual variations in resistance, thus avoiding unnatural assump- 
tions as to the nature of the fundamental reaction. 

I 

IV. 

The idea that the rate of disinfection is due to variations in resist- 
ance is not new, Geppert^" gave expression to it nearh' a generation 
ago. The same idea has since been restated in many forms and in 
many connections, but alwaj's without reference to any influence 
which might be exerted by the fundamental reaction. 

INIioni criticizes Henri’s studies'^ on hemolysis, because Henri 
neglected the influence of indiridual variation; Mioni’s experimental 
eridence is inconclusive, however. Dienes’® suggested that various 
degrees of resistance to hemolysis were distributed in accordance with 
“Quetelet’s law” (y=yQe~^^). Hewlett®® says, with reference to the 
h}-pothesis oflered by iliss Chick in her first paper, “YTiile admitting 
that the disinfection of anthrax spores follows the course of a urumo- 
lecular reaction, I think it extremely doubtful, to say the least, if the 
reaction between disinfectant and bacterium is a unimolecular reac- 
tion.” Hewlett’s own experiments on the effect of mercuric chloride 
on the riability of mustard seeds accord with those of Darwin and 
Blackman,’® but he says: “ It appears to me that only by a wide stretch 
of the imagination can the interaction of mustard seed and disinfect- 
ant be considered as a unimolecular reaction, or a reaction of a higher 
order, yet it follows approximately the course of the former.” 

Loeb and Northrop®’ also criticize the idea that disinfection is 
due to a monomolecular reaction. They say iliss Chick “was 
probably led to such an assumption by the fact that the ascend- 
ing branch of the mortality cur\-e in her e.xperiments was generally 
' steep .... almost a vertical line, thus escaping 
detection. Hence she noticed usually only the less steep descending 

®“ Geppert, J., Bcrl. klin. Woch., 1889, xs\-i. 789. 

■’ Mioni, G., Atiii. lust. Pasteur, 1905, xbc, 84. 

®® Mioni, Compt. rend. Soc. biol., 1905, Ivii, 485. 

®® Hewlett, R. T., Laiicci, 1909, i. 889. 

®’ Loeb, J., and Xorthrop, J. H.. J. Biol. Chem., 1917, .-eexii, 103. 
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branch which could be interpreted as a monomolecular cur\^e for the 
reason that her experiments lasted only a short time.” Miss Chick’s 
pubhshed curves were, as a matter of fact, time curves', i.e. “integrals” 
of “mortality” or variation curv^es, and had she been able to make 
sufficient obser\mtions at the beginning of the process, she might 
have obtained curv^es at first horizontal, but very quickly turning 
donmwards. Such a condition would find expression in a mortality 
curv^e as an ascending branch rising very steeply from zero to a 
maximum. 

The true explanation of the course of processes like disinfection is 
undoubtedly a combination of the two extreme views: one attributing 
the course to variation alone, the otlier considering it to express the 
nature of the fundamental reaction alone. Both of these 'factors 
exert an extremely important influence. We have seen that it is 
theoretically possible to relegate variation to a position of unim- 
portance by assuming a variation curve having the form y = yo- 
Such a distribution of A'arious degrees of resistance is obviously 
unnatural, and the assumption that it occurs must, in the absence of 
definite evidence, be considered unwarranted. Its use frequently 
necessitates the postulation of “latent” or “induction” periods of 
whose existence we have no further proof. On the other hand we 
may consider the ' reaction velocity as constant, and by graphic 
differentiation obtain not unnatural frequency curs^es. Perhaps by 
employing several constants we may even obtain applicable equations; 
but the constants will have no physical meaning, and the equations 
no general significance. 

The reaction velocity, as a moment’s consideration will show, must 
ordinarily decrease as the process goes on; for “sub-minimal” amounts 
of the toxic substances carry the process to partial completion, and 
whatever the final “equihbrium” may be, it is gradually attained; 
the process does not abruptly cease.”' 

Curves drawn through points e.xpressing the amount of toxic agent required 
to produce various degrees of completion of such processes might be regarded as 
“integrals” of the frequencj' curves of resistance. In practice, however, this 
reasoning is applicable onlj'' to such in vivo experiments as determination of thera- 
peutic efficiency or to.xicity of drugs, radiation, etc. In vitro, factors such as 
bacterial contamination, autolj'sis, cell division, or stan'ation are likely to super- 
vene, and distort the observxd curve. 
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Should we not then conclude that the course of processes like dis- 
infection is, like 6 in Fig. 4, the result of the simultaneous operation 
of two factors: the frequency cur\-e of variation in indmdual resist- 
ance, which may be different for each group of cells and each toxic 
agent; and the course of the fundamental reaction, which usually 
proceeds with a velocity diminishing during the experiment at a rate 
dependent on the particular conditions prevailing? We must also 
bear in mind that what we have supposed to be the fundamental reac- 
tion may be the end result of a complex series of interrelated or “ cate- 
nar}-” reactions. If some one link in this chain of events is a change 
which, from the beginning to the end of the process, is so slow as to 
govern the rate of the whole series, which taken together is regarded as 
the fmidamental reaction, then, and only then, will orderly laws 
describe the course of the latter. 

This conception does indeed render a solution of the problem much 
more difficult than it once seemed, but not necessarily unattainable. 
A proper understanding of this “group experiment,” as we might 
perhaps call the nidely employed tj-pe of which disinfection is but one 
example, should lead to better interpretation of the phenomena them- 
selves, and a far deeper insight into the fundamental life processes to 
which they are due. 


COXCLUSIOXS. 

1. The course of such processes as hemolysis is very largely depend- 
ent upon variations in resistance among the different indix-iduals, 
and secondarily upon the course of the fundamental reaction. 

2. The fundamental reaction may be either a simple process, or 
the expression of a complex series of changes whose rate is at all times 
governed by that of the slowest of the series. This might perhaps be 
regarded as another expression of the so called “Law of the minimum.” 

3. Unnatural assumptions would be requisite for the explanation of 
a resemblance between the course of such processes in general and 
that of a monomolecular reaction. 

4. The supposition that such a general resemblance exists is not 
supported by the available evidence. 
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5. The independent determination of either the nature of the 
fundamental reaction, or the t3'pe of the variation curve for the par- 
ticular case under obser\'ation, will further our knowledge of the 
nature of such processes and lead to a far deeper insight into the nature 
and reactions of living matter. 


THE LAW CONTROLLING THE QUANTITY OF REGENERA- 
TION IN THE STEM OF BRYOPHYLLIIM CALYCINUM. 

Bv JACQUES LOEB. 

{From the Laboratories of The Rockefeller Institute for Medical Research.) 

(Received for publication, June 24, 1918.) 

I. 

It is well known that isolated pieces of plants and lower animals are 
able to replace the lost parts b\' a new growth which is called regenera- 
tion. The investigation of this phenomenon bj" merely qualitative 
methods of experimentation has led only to verbalisms. Thus it 
has been stated by Noll that the plant or animal possesses a “morph- 
estesia;” i.e., a consciousness of what its proper form should be and 
hence the regeneration of lost organs. Driesch applies a similar 
verbalism calling the morphestesia “entelechy.” Weismann sug- 
gests that without the power of regeneration many species might have 
died out — hence regeneration. Others speak of regeneration as the 
effect of the “stimulus” of the wound. If we wish to substitute for 
these or similar expressions, which have led and can lead to no scientific 
result, a theory' in the sense in which this word is used by the physicist, 
we must investigate the problem of regeneration bj" the methods of 
quantitative experimentation. 

The writer has introduced such a method in the study of regenera- 
tion of the plant BryophyUtim calycinitm, which is rmusually favorable 
for work of this kind, and he has already reported some of the results 
obtained. The most significant fact was found in the regeneration of 
the leaf of this plant. WTien the leaf of BryophyUum is detached 
from the plant, it will form roots and shoots in its notches. Each 
node of the stem has two leaves in opposite position — sister leaves 
—which under normal conditions have equal size. Since they have 
also the same age and the same historj', they possess not only the same 
mass but contain also verj’ probabl}’ chloroplasts in the same number 
and in the same degree of efficiency; so we can say such sister leaves 
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have approximately equal masses of aciroe substance. The writer was 
able to show that such sister leaves of equal ■weight produce equal masses 
of shoots in equal times and under equal conditions of illumination, 
temperature, and moisture. He found, moreover, that if we reduce the 
mass of one set of sister leaves by cutting out pieces from the center 
of the leaves, while the other set remains intact, both sets produce 
shoots approximately in proportion to their masses, even if the number 
of shoots produced by the two sets differs widely. We, therefore, can 
say that equal masses of sister leaves produce equal'masses of shoots in 
equal times and under equal conditions, regardless of the number of shoots 
produced.^ 

This law shows that the problem of regeneration is part of the prob- 
lem of growth and that it falls under the law of chemical mass action. 

Inasmuch as age and previous history influence tlie active mass of 
photosynthetic material of the leaf, it is obAUOus that the law of the 
production of equal masses of shoots by equal masses of leaves is 
fulfilled more accurately by comparing sister leaves than it would be 
by comparing leaves vdth a different history; i.e., leaves which differ 
in the mass of photosynthetic material in the unit mass of leaf. In 
such cases we should have to use statistical methods; i.e., we should be 
compelled to use much larger numbers of leaves in order to eliminate 
the influence of variation in -the relative mass of photosynthetic and 
other material in the leaf which is required for the regeneration 
(growth) of the shoots. 


II. 

Regeneration in an isolated piece of stem is much more general than 
regeneration in an isolated leaf, and the question arises whether a 
similar mass law, as that found for regeneration in a leaf, controls 
the quantit}"- of regeneration in a stem. 

In the axil of each leaf of the stem of Bryophyllum is found a dor- 
mant bud capable of grovdng into a shoot (3, Fig. 1). Each node 
contains two such dormant buds on opposite sides, one in the a-xil 
of each leaf. In successive nodes the lines connecting the two leaves 

* Loeb, J., Science, 1917, xlv, 436; Bol. Gaz., 1918, Ixv, 150;.<4 ;;h. Inst. Pasteur, 
1918, x-xxii, 1. 
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and their axillary buds are at right angles to each other. ^ If vre, there- 
fore, split a stem longitudinally into two halves (Fig. 1) in such a way 
that the plane of section is at right angles to the line connecting the 
two most apical buds (1. Fig. 1), the section cuts through Ae buds in 
the next node (2 , Fig. 1 ), and injures them more or less, while it leaves 
the buds of the second next (3, Fig. 1) node intact, and so on. It 
happens for reasons which need not be discussed here that in such a 
stem as a rule only the most apical bud (1 . Fig. 1) grows out. 



Fig. 1. Diagram showing the method of splitting the stem longitudinally 
in order to investigate the influence of mass of basal leaf upon shoot production. 
1,2,3, designate the three pairs of dormant buds, two in each of the three nodes of 
the stem. 

The following method was used for testing whether or not the 
quantity of regeneration in a piece of stem is controlled by the simple 
mass law which holds for the regeneration of shoots in the stem. 
From the stem of BryophyUttm were cut pieces containing three nodes 
(Fig. 1). All the leaves were removed except the two at the basal 
node. Then the stem was split lengthwise so that each half of the 
stem contained one basal leaf and one intact bud at the apex (1 , Fig. 1) , 
while the two buds (2. Fig. 1), in the middle node were generally 
injured in the operation. As stated, in most cases only the apical 
bud grows out in such a piece of stem. By lea\-ing the leaf in one of 
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the half stems intact, while the sister leaf at the base of the other half 
stem is reduced in size, it is possible to find out whether the mass of 
the shoots regenerated at the apex of each half stem bears any rela- 
tion to the mass of the two leaves. Such experiments were made bj"- us 
and as a rule six or more different stems were used in one experiment.^ 

Many experiments are lost for the reason that the leaf at the base of 
a stem wilts or perishes much more rapidly than a leaf entirel}’’ de- 
tached from a stem ; the latter ma}^ last for months while the former will 
usually wilt after a few weeks. For this reason it is more difficult to 
obtain exact results in investigating the influence of the mass of the 
leaf on the mass of the shoots formed at .the apex of a stem than in 
investigating this influence upon the mass of shoots regenerated by 
isolated leaves. But in watching the condition of the leaves and real- 
izing that we can only utilize an experiment when all the leaves 
remain intact we are able to obtain reliable results. This source of 
error due to wilting and decay of the leaf attached to the base of a 
stem which restricts the duration of the e.xperhnents is greater when 
the thin summer leaves are used than when the more, fleshy and 
more durable winter leaves are utilized. 

We shall first give the numerical results of some experiments in which 
only the fresh weight of the leaves and of the shoots regenerated by 
the stem was ascertained (Table I). 

In Experiment 3 of Table I, the leaves of both half stems were left 
intact; 1 gm. of leaf in one set caused the production of 213 mg. of 
shoots in the stem, while 1 gm. of leaf of the other set produced 240 
mg. of shoots in the apex of the stem. This shows the degree of accu- 
racy to be expected in these experiments. 

In the three other experiments the masses of the two sets of sister 
leaves varied considerably. Thus in Experiment 1 the masses of the 
leaves were approximately in the ratio of 1 : 6 (2.8 : 19.0) ; the masses 
of shoots produced b)’- the two sets of stems were also approximately 
in the ratio of 1 ; 6, namely 0.44 : 2.8. Experiment 2 gave similarly 
good results. The ratio of the two masses of sister leaves was approx- 
imate!}' 1 : 5, namely 3.5 : 18.5, and the masses of shoots produced 
by the stem were also approximately in the ratio of 1 : 5, namely 
0.7 ; 3.6. 

= Loeb, Froc. Nat. Acad. Sc., 1918, iv, 117. 
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In Experiment 4 the two masses of sister leaves were in the ratio of 
almost 1 : 5, namely 2.7 : 11.9, and the masses of shoots produced 
by the stem were also approximately in the ratio of 1 : 5, namely 
0.53 : 2.7. 

Our experiments have shown without exception that the greater the mass 
of a basal leaf the greater the mass of shoot regenerated- by the apex of the 
stem in equal times and under equal conditi-ons; and wherever we were 
certain that the leaves remained normal during the experiment it was also 
possiilc to show that the mass of shoots produced by the apex of the stem 

TABLE I- 


Influence of Mass of Leaf al Base of a Piece of Stem upon Mass of Shoot Re- 
generated at the Apex of the Piece of Stem. Apices of Leaves Dipping 
in Water. Stems Suspended in Moist Air [See Fig. 2). 


Xo. of 1 
experi- 1 
EoenL 

Dura- 
tion of 
esperi- 
ment. 


Fresii^islit 
of leaves. 

Fresh weisht 
of 6 res en cr- 
ated shoots 
on stem. 

Rcsen crated 
shoots per 
gn. of leaf. 


days 


ffs. 

rn. 

rr.i. 

1 

37 

6 whole leaves 

19.030 

2. 80S 

146 



6 sister “ reduced in size 

2.853 

0.443 

152 

2 

3-1 1 

6 whole leaves 

18.490 

3.5S6 

194 



6 sister “ reduced in size 

3.503 

0.66S 

186 

3 

26 

6 whole leaves 

7.128 

1.511 

213 



6 “ sister leaves 

8.142 

1.963 

240 

, 4 

33 

6 whole leaves. 

11.878 

2.728 

229 



6 sister “ reduced in size 

2.740 

0.530 

200 


varied approximately in direct proportion to the mass of the leaf attached 
to the base of the piece of stem. 

Fig. 2 is a drawing of the appearance of a group of six pairs of 
half stems having a leaf at the base. The duration of the experiment 
was 21 days. The upper half stem with a whole leaf is always the 
sister piece of the half stem with a reduced leaf immediately below it. 
It IS obxdous that the stems with the reduced leaves have smaller 
shoots Aan those with whole leaves. The apices of the leaves were 
dipped in water, the stems were in moist air. Fig. 3 is a photographic 
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reproduction of the same experiment (with left and right sides 
reversed). 

These experiments prove that equal masses of leaves at the base of a 
piece of stem cause the production of approximately equal masses of 
shoots at the apex of the stem in equal times and under equal conditions. 




Fig. 2. Drawn after nature. The upper specimen with whole leaf and 
the one beneath it with reduced leaf are always the two halves of the same piece 
of stem split lengthwise in the way indicated in Fig. 1. The shoots at the ape.T 
of the stem with whole leaves (upper row) are considerably larger than the corre- 
sponding shoots with the sister leaf reduced in size (lower row). As a matter of 
fact, the masses of regenerated shoots were in proportion to the masses of the 
leaves attached to the base of the stems. The reader will also notice that the 
stems with whole leaves (upper row) have formed roots at their base, while those 
with reduced leaves have not j'et formed ani’’ roots (though they did so later). 
It is also noticeable that the shoots with whole leaves show geotropic curvature, 
while those with reduced leaves are still straight. 

Even where some of the leaves were wilted the mass of shoots produced 
at the apex was always greater when the mass of leaves was greater, 
but it was no longer possible to prove approximate proportionalit}' 
though such proportionality in all probability' existed. 

In the experiments presented in Table II the stems as well as the 
leaves were suspended in moist air to eliminate the influence of ab- 



Fig. 3. Photograph showing the same experiment as in Fig. 2. (Left and right 
arc reversed in Figs. 2 and 3.) 
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sorption of water by the leaf. The duration of these experiments had 
to be short on account of tlie more rapid wilting of the leaves connected 
with the stems. 

In this case the disturbing factor of wilting is greater than when the 
apices of the leaves dip into water and hence the results with leaves 
suspended entirel}’^ in air show a smaller approximation to propor- 
tionality between mass of leaves and rnass of shoots produced b}”^ the 
stem than that demonstrated in Table I, although the proportionalit}’’ 
is not entirely obliterated. 


TABLE II. 


Slenis and Leaves Suspended in ^foisl A ir. 


Xo, of 
experi- 
ment. 

Dura- 
tion of 
experi- 
ment. 


Fresh weighti 
of leaves. 

Fresh vvel£?it 
of 6 regener- 
ated shoots 
on stem. 

Regenerated 
shoots per 
gm. of leaf. 


days 


gm. 

gm. 


1 

17 

0 whole leaves 

4..S76 

0.524 

119 



6 “ sister leaves 

3.264 

0.494 

151 

2 

19 

C whole leaves 

6.662 

1.126 

168 



0 sister “ reduced in size j 

2.S53 

0.6885 

237 


III. 

The mass of shoot produced in an isolated piece of stem entirely 
deprived of leaf is smaU compared with that produced when a leaf is 
attached to the base of the stem. This was demonstrated in the 
following experiment. 

Six stems, each containing three nodes and one leaf at the base, 
were split longitudinally in the wa}' described above. One half stem 
contained one leaf at the base, the other had no leaf. To insure an 
equal water suppl}^ to the stems the}”^ were put with their cut sides on 
moist filter paper (Fig. 4), the leaf at the base of the one set of stems 
being in moist air. The duration of the e.xperiment was 24 daj's. 

Fresh weight of shoots produced in 6 half stems 'U'ithonl leaves, 0.120 gm. (dry 
weight, 0.0105 gm.). 

Fresh weight of shoots produced in 6 half stems with leaves, 2.0SS gm. (dry 
weight, 0.2015 gm.). 












Fig. 4. Showing the enormous difference in mass of shoots regenerated by a 
half stem with leaf at base and the other half stem without leaf. The stems 
rested with their cut surface on moist filter paper. 


Hence we can say that only about 5 per cent of the material of the 
regenerated shoots was contributed bj- the stem and about 95 per cent 
of the mass of the regenerated shoots of the stem was formed from 

^ Locb, Ann. Inst. Pastcnr, 1918, xxxii, 1. 
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material furnished by the leaf. This is not.surprising since we know 
that the leaf is the organ where the material for new growth in the 
plant is manufactured. It is also to be expected that in pieces of 
stems of different mass but without leaves the mass of shoots regen- 
erated toII increase with the mass of the piece of stem. The writer 
has already published experiments indicating that this is true,'* though 
he has not yet made quantitative determinations to find out whether 
the law of proportionality holds in this case also. 

IV. 

The law of proportionality between mass of the leaf attached to tlie 
base of a stem and mass of shoot produced apicall}'- from the leaf can 
be proved for other cases also. If we cut out a piece of stem with 
only one node containing two leaves sucli a piece possesses onty two 
buds capable of developing into shoots; narnely, one in each of thea.\'ils 
of tlie two leaves (Fig. 5). These axillary buds grow out more rarely 
and more slowl}'' than tlie free buds at the apex of a piece of stem. 
Fourteen pieces of stem with one node and two leaves each were cut 
out from plants and each piece of stem was split longitudinally between 
the two leaves. One leaf remained always intact, the other leaf was 
reduced by cutting off part of the leaf (Fig. 5). Eightof these fourteen 
pieces of specimens formed axillary shoots. It seemed of interest to 
find out whether the mass of these shoots was approximately in pro- 
portion to the mass of the leaves. This was the case (Fig, 5), The 
duration of tlie experiment was 45 days. The apices of the leaves 
dipped into water. 

a. Weight of 8 whole leaves, 10.968 gm. Weight of 8 shoots produced in their 
axil, 1.8025 gm. Mg. of shoots produced per gm. of leaf, 164. 

b. Weight of 8 reduced sister leaves, 3.586 gm. Weight of 8 shoots produced 
in axil, 0.5895 gm. Mg. of shoots produced per gm. of leaf, 164. 

The viass of axillary shoots produced by each set of sister leaves u;as, 
therefore, in direct proportion to the mass of the leaves. 


*Loeb, Bol. Gaz., 1915, lx, 249. 
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TABLE III. 


No. of experi- 
ment. 

% 

Dry weight 
of leaves. 

Dn’ weight 
of shoots. 

Drj’ weight 
of shoots 
per gm. of 
dr>' weight 
of leaf. 



gm. 

gm. j 


4, Table I. 

6 whole leaves 

0.440 

0.2135 



6 sister “ reduced in size 

0.1055 

0.0430 

0.407 

2, Table 11. 

6 whole leaves 

0.3700 

0.1002 

0.271 


6 sister “ reduced in size 

0.1991 

0.0632 

0.317 

1, Table H. 

6 whole leaves 

0.3144 

0.0486 

0.154 


6 “ sister leaves 

0.2585 

0.0450 

0.177 


VI. 

If it is true that the leaf furnishes the material to the stem from 
which the regenerating shoot grows, it should be possible to show that 
the basal leaf in connection with a regenerating stem has (after some 
time) less weight than the sister leaf which is separated entirely from 
the stem. This can indeed be demonstrated. A piece of stem is cut 
from a plant and all the leaves are removed except the two leaves at 
the basal node of the stem. One basal leaf is entirely separated from 
the stem to serve as a control; the other leaf remains in connection 
\vith the stem. 

Six stems, about 6 cm. long, with several nodes and with a basal pair 
of leaves of approximatel}'^ or practically the same size were selected 
for the experiment. Such sister leaves of the same size have also 
practicall}^ the same mass as shown in previous experiments. Both 
the isolated leaves and the stems with one leaf attached were sus- 
pended in moist air, in the same aquarimn under identical conditions 
of light, temperature, and moisture. After 16 days the fresh and dry 
weights of the two sets of leaA^es, namely of the detached leaves and 
of their sister leaves connected with the stem, were ascertained. 
It was found that the leaves connected with the stems weighed con- 
siderably less than the detached leaves, and the difference was far in 
excess of the natural variation in the weight of fresh sister leaves of 
equal size. 
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Experiment I. Leaves and Stems in Moist A ir. 

Fresh weight. Drj’ weight. 


rm. (rr.. 

6 detached leaves, at end of experiment 8.242 0.826 

6 sister leaves connected with stem, at end of ex- 
periment 6.476 0.578 


Hence the leaves connected with the base of the stem had given off 
to the latter about one-third of their dry weight. 

During this time the detached leaves formed roots and tiny shoots 
in some of their notches while nothing of this kind occurred in the 
leaves connected nith the stems. Instead twelve shoots were formed 
at the apices of the six stems and the twelve shoots weighed fresh 
0.528 gm. and dry, 0.068 gm. The inference is that the material for 
the latter came from tlie leaves, but apparently more material than this 
was given off bj- the leaves to the stems. We have indeed shown in a 
preHous paper that aside from the material for shoot formation the 
leaf sends material into the stem which may be used for the growth 
of certain tissues in the stem, resulting in callus formation, geotropic, 
cun'ature, and increased thickness of the stem.’ 

The experiment was repeated with this difference, that the apices of 
the leaves dipped into water, while the stem and the rest of the leaves 
were suspended in moist air. Both sets of leaves were in the same 
aquarium under equal conditions of temperature, light, and moisture, 
and both were of equal size and mass at the beginning of the e.xperi- 
ment. The experiment lasted 18 days. 

Experiment II. Apices of Leaves Dipping in Water; Stems Siispetided in Moist Air. 

Fresh weight. Drj- weight. 


6 detached leaves, at end of e.xperiment II . 159 0 791 

6 sister leaves attached to base of stem, at end of 
experiment 4.485 0.388 


Hence the leaves gave off to the stem about 50 per cent of their dry 
weight. 

This difference is only partially accounted for by shoot production 
in the stem, the total shoot production amounting to 1.166 cm. fresh 
and 0.111 gm. drj- weight. 

Many more experiments than these were made and in some the 
leaves were weighed both at the beginning and at the end of the 
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experiment.® Tliey leave no doubt of the fact tliat the basal leaf gives 
off- a considerable amount of its material to the stem. 

We have, therefore, a right to conclude that a basal leaf gives off 
material to the stem, part of which is used for the formation of shoots 
in the stem. 

Experiments were carried on in the dark and it was found that 
the mass of shoots regenerated under these conditions was small even 
when a large basal leaf was attached to the stem; and no proportion- 
ality between mass of leaf and of shoots regenerated on the stem 
could be found. This indicates that the products of assimilation in 
the leaf are part of the material used for the regeneration of the shoots 
on the -stem. 

T hcordical Remarks. 

These experiments ha^"e shown that in the case of the regeneration 
of the leaf as well as of the stem the quantity of regeneration is 
determined by the mass of material sent out by the leaf and manu- 
factured in tlie leaf; and possibly also to a small extent by material 
manufactured in the stem or circulating or stored in the stem at the 
time the stem was cut out from the plant. 

The same simple mass law seems to hold for the quantity of roots 
regenerated at the basal end of the stem or basally from a leaf attached 
to the stem. It was ^'ery obvious in all our e.xperiments that the mass 
of roots formed in a piece of stem in a given time increases with the 
mass of a leaf and the roots commence to grow out later when the leaf 
is smaller. The writer has, however, not yet made enough quantita- 
tive measurements to permit hun to state that there is a strict propor- 
tionality between mass of leaf and mass of roots regenerated. 

In animals the blood and Ijnnph pla}^ the same role as does the sap 
in plants, and we may surmise that the- quantity of sugar, amino- 
acids, salts, and of “accessory substances” in the body fluids determines 
the quantity of regeneration in animals. In an animal, regeneration 
may occur even when no food is taken up, and it is to be assumed that 
the tissues of a fasting organism constantl}^ convert some of the 
material stored in the cells into sugar, amino-acids, and vitamines, 

® Wc will omit these experiments here since they will be discussed in one of the 
following papers.. 
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which diffuse into the blood and become available for the growth of 
the regenerating tissues; in other words, it is the constant hydrolysis 
going on in the organism which supplies the material for the growth 
and regeneration of fasting animals. It remains for future investiga- 
tions to find out whether the ratio between mass of growth material 
circulating in the blood or lymph and the quantity of regeneration 
obeys also the simple mass law established for regeneration in 
Bryopliylhm. 

For those interested in the djmamics of these processes attention may 
be called to the fact that in our experiments the action of two masses 
of active material, m and vh, in twp sister leaves is compared. 
These masses are certain constituents of the two sister leaves, primarily 

. 

the chlorophyll, and their ratio — may be considered approximately 

constant throughout the duration of the e.xperiment. Our e.xperiments 
have furnished the proof that the ratio of the mass of shoot regenera- 
tion in two halves of a stem (each possessing a leaf at the base) is 

approximately proportional to or in other words, that the law 

controlling the quantitj’^ of shoot regeneration of the stem is a special 
case of the law of mass action. 


smtMAEY. 

1. A method is given which allows us to measure the influence of the 
mass of a leaf upon the quantity of shoots regenerated in an isolated 
piece of stem. This method consists in isolating a piece of stem with 
only tVi'o leaves left at the basal node and then splitting the stem length- 
wise so that each half has one basal leaf. By lea\Tng one leaf intact 
while the size of the sister leaf is reduced, the influence of the mass of 
the leaf upon the quantity of shoots regenerated by the stem can be 
measured. 

2. This method has yielded the result that the mass of shoots regen- 
erated at the apex of such a piece of stem increases under equal con- 
ditions and in equal time with the mass of the leaf, and is approxi- 
mately proportional to the mass of the leaf. 

3. Such an influence of the mass of the leaf upon the mass of shnntc 


96 


REGENERATION OF BRYOPHYLLUM CALYCrNTOI 


growth of the regenerating shoot occurs at the expense of material 
furnished by the basal leaf. 

4. This assmnption is supported by two facts: first, that in the dark 
this influence of the leaf disappears more or less fcompletel}'’; and, 
second, that a leaf attached to the base of a regenerating stem after 
some time weighs markedly less than does a sister leaf completely 
detached from the stem, but otherunse imder equal conditions. 

5. This latter fact that a leaf when attached to the base of an 
excised piece of stem wilts more rapidly than when compiletel}'’ iso- 
lated is the reason that the proportionality between mass of a basal 
leaf and mass of shoot regenerated at the apex of an isolated piece of 
stem cannot always be demonstrated with the same degree of accuracy 
as the proportionality between the mass of completelj’’ isolated leaves 
and the mass of shoots they produce. 

6. The material furnished by the leaf to the stem is not restricted to 
water but includes also the solutes, since not only the fresh weight but 
also the dry weight of the shoot regenerated by a piece of stem -in- 
creases ivith the mass of the leaf attached to the base of the stem; 
and since not only the water contents but the dry weight of a leaf 
attached to the base of an excised piece of stem diminish when com- 
pared with the dry weight of a completely detached sister leaf. 

7. The mass of shoots produced by an isolated piece of stem without 
leaf is small and almost negligible compared with the mass of shoots 
produced by the same piece of stem when a leaf of sufficient mass is 
attached to the base of the stem. 



REVERSAL OF REACTION BY MEANS OF STRYCHNINE. IN 
PLANARIANS AND STARFISH. 


By a. R. MOORE. 

{From the Physiological Laboratory of Rutgers College, Ncic Bruussvick, .A . J.) 

(Received for publication, June 20, 1918.) 

Experiments on the Planarian, Bdelloura. 

It has been shown that a single e.xcitation at a median point in the 
earthworm elicits a shortening of the body anterior and a lengthening 
posterior to that point. Active extension of the body is produced by 
contraction of the circular muscles, and by inhibition of contraction of 
the longitudinal muscles of the body. This is a case of reciprocal 
inner\'ation.i Further, it has been found that in the earthworm, just 
as in vertebrates, stiy-chnine converts inhibition into excitation, thus 
causing upon stimulation a contraction of the longitudinal muscles, 
which results in a shortening posterior to the point of stimulation.- 
Flatwonns have, in addition to longitudinal and drcular systems 
of muscles, transverse muscle fibers. These, with the circular 
muscles, cause an increase in length and decrease in width and thick- 
ness of the animal upon contraction, while the shortening and 
thickening characteristic of the quiescent position are necessarily 
associated with a contraction of the longitudinal musculature 
and a relaxation of their antagonists. This implies also reciprocal 
innervation. i 

In order to determine whether the nervous mechanism in flatworms 
is similar in its reaction to that of the earthworm, the following experi- 
ments were made with specimens of Bdelloura. This is a marine 
flatworm, ectoparasitic on Lintuhis. If an active indiYudual is touched 
■with an mstniment such as a pair of forceps, it stops locomotion, 
shortens and thickens; x.e., the longitudinal muscles contract and the 
circular and transverse muscles relax. In case the animals are first 

’ Garrey, W. E.. and Moore, .A. R., .4m. J. Physiol., 1915, vvti'v 146. 

- KnoAvkon, F. P., and Moore. .\. R., .4m. J. Physiol.. 1917, xliv. 490. 
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strychninized by placing them fqr a few minutes in a solution of strych- 
nine sulfate (1 ; 10,000), mechanical stimulation produces the opposite 
effect; vis., extreme extension and activity of the animal. The action 
of the strychnine is, therefore, to convert the inhibition of the trans- 
verse and circular muscles in the normal response into an excitation. 

Experiments on the Starfish, Asterias forbesii. 

Animals which orient themselves bj' means of contact sensitivit}'- or 
stereotropism are in a state of motor equilibrimn when their sensitive 
(ventral) regions are in contact with a surface. When this normal 
relationship is disturbed, as by putting the animal on its back, rapid 
and exaggerated body movements take place, until by chance, the 
specific receptors come into contact with a surface. Immediately 
front this point of contact excitator}' and inhibitory impulses are sent 
out, the effect of which is to bring the animal without further waste 
effort into its normal orientation again. 

In the starfish the tube feet are the stereosensitive organs. In an 
inverted specimen of normal xdgor all the arms show initial twisting 
movements. From the arm whose tube feet first get into contact 
with a solid surface an excitatory impulse starts to an adjacent arm, 
as from A to B (Fig. 1), causing the latter to twist as so to face A 
ventrally and to attach its tube feet to the solid surface. Inhibitor}^ 
impulses passing from A to D and from B to C cause D and C to 
release any initial hold they may have had and to bring E more or less 
passively with them, tlius turning a somersault over A and B.^ 

This reaction e\ddently implies reciprocal innervation. If it were 
possible to reverse the functioning of this system bj’- means of strych- 
nine, we would have a still closer parallel with tlie corresponding 
mechanism in A^ertebrates. The similarity of the reaction of the 
earthworm to that of the vertebrate in tliis respect, is perhaps to be 
e.xpected since the histolog}' of the nercous s)'stem of the annelid 
also shows the sjmaptic structures. But because the nerve tracts of 
the starfish do not contain elements histologically similar, we must 
suppose that the strychnine acts, if it acts at all, on certain chemical 
elements of the neuron, rather than upon some special anatomical 

’ jMoore, A. R., Biol. Bull., 1910, 2.'?5; Aw. J. Physiol., 1910, .-Kv-ii, 207. 
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structure. It has been shoira that strychnine causes hyperirritability 
in the starfish.'* Proof that inhibition is reversed, i.c., converted 
into an excitation, ma}' be obtained b)' observing a strychninized 
starfish (strychnine sulfate 1 : 10,000) in its attempts to right itself. 
All of the arms take hold and retain their attachment to the bottom 
(Fig. 2), finally resulting in the knotted situation sho-wn in Fig. 3. 
The usual inhibitory impulses ivhich make the righting possible are 
no longer effective; all of the arms twist so that the tube feet maintain 
their hold on the bottom. Strychnine has reversed the normal 
inhibition. 

SUMMARY AND CONCLUSIONS. 

Two cases have been described, that of the marine planarian 
Bdelloura and tliat of the starfish Asterias forbcsii, in which strychnine 
reverses reciprocal inhibition. These facts indicate that the nervous 
systems of these invertebrates function in a manner similar to those 
of the earthworm and vertebrates. Moreover, it would seem that 
strychnine acts upon some chemical component of the neuron which 
is always present in synaptic structures but which also occurs in the 
simpler neurons of lower forms. The fact that strychnine is without 
this characteristic effect on such forms as medusa' and sea anemone, 
indicates that the nervous' systems of the starfish and planarian have 
chemical affinities with the vertebrates which the coelenterates do 
not possess. 

■* Moore, J. Pharm. and Exp. T/ierap., 1916, ix, 167; Proc.Nat. Acad. Sc., 
1917, iii, 601. 



LIGHT AND THE JIUSCLE TONUS OF INSECTS. THE 
HELIOTROPIC IMECHANISIil. 


By W.ALTER E. G.^RREY. 

{From ihc Physiological Laboratory of Tulanc Unkersity, L^eu.’ Orleans.) 

(Received for publication, July 23, 1918.) 

The profound influence which light exerts upon the acti\'ities, 
movements, and behamor of most insects, bespeaks its deep seated 
effects upon the physiological processes within the neuromuscular 
system of these forms. Our investigations have established a direct 
relationship between the tonus or tension of the skeletal muscles and 
the illumination of the eyes of heliotropic insects, and show that the 
coordinated movements of these animals, like those of vertebrates, 
are dependent upon the maintenance of an adequate and balanced 
state of tonus in sjunmetrical groups of muscles. 

It was pointed out in a preceding communication on this subject, 
that in the movements of heliotropic insects, the orientation was 
determined by the changes in muscle tension induced by imequal 
illumination of the two eyes.* These results were in conformity with 
the theory^ of heliotropism proposed by Loeb in 1888,= and restated by 
him as follows; “The mass of photochemical reaction products formed 
in the retina .... influences the central ner\’-ous system and 
through this the tension .... ofthemuscles. If the rate of photo- 
chemical reaction is equal in both eyes this effect on the sjunmet- 
rical muscles is equal; .... as a consequence the animal will not 
be de\'iated from the direction in which it was moving. This happens 
when the axis or plane of symmetry of the animal goes through the 
source of light, pro^^ded only one source of light be present. If, 
however, the light falls sidewise upon the animal, the rate of photo- 

* Garrcy, \V. E., Proc. Xat. Acad. Sc., 1917, iii, 602. 

= Loeb, J., Sitzungsber. physik.-med. Ges., Wurzburg, 1888;Der Heliotropismus 
der Tierc und seine Uebereinstimmung mil dem Heliotropismus der Pflanzen, 
Wurzburg, 1890. 
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chemical reaction will be unequal in both 63^65 and .... as a 
consequence the direction in which the animal moves will change.”* 

The validation of this theor}'- rests upon presenting proof that light 
acting upon photosensitive organs does affect the tension (tonus) of 
muscles, and that as3Tnmetrica] effects are produced b}^ unequal 
illumination of the e3'es of heliotropic forms. A t3q)ical example of 
the reflex muscle tonus produced b}"^ light is noted in the contraction of 
the sphincter iridis of the vetebrate e3'e Avhen the retina is illuminated. 
The degree of contraction is proportional to the intensit3- of the illumi- 
nation, it is quite independent of the rate of change in the illumina- 
tion; furthermore the contraction is a true tonus which is maintained 
as long as the light affects the retina. Exactly’ the same 13^)6 of reac- 
tion was described b3'' Loeb for certain sessile helio tropic animals, 
Spirographis, Endcndmnn. which respond to unilateral illumination 
by bending toward the light.'* The muscles contract on the illumi- 
nated side and like the sphincter of the iris, remain in tonus as 
long as the light continues to act. Loeb and Ewald and Loeb and 
■ Wasteneys* showed that this reaction of Eudendrhm was proportional 
to the product of the intensity of the light into the duration of illumi- 
nation, thus foUo-vving the photochemical law of Bunsen and Roscoe. 

In the case of the ’motile lar^m of the marine worm, Areuicola, which 
are positively heliotropic, Lillie states that there is an “increase of 
muscular tone under strong illumination” and that an “inequalit3' of 
tone on the two sides of the bod3^ will result when one side is more 
strongly illuminated than the other,” the muscles of the more 
strongly illuminated side being in stronger contraction. Thus 
“heliotropic orientation is a purel3'^ muscular phenomenon.”* Mast* 
showed that this reaction was due to the unequal illumination of the 
eye spots and Garrey* showed that the difference in contractile state 
(tonus) of the muscles of the two sides of the bod3' of Arenicola lar\'ie 
persists as long as the difference in the illumination of the e3’'e spots is 

* Loeb, The organism as a whole, New York and London, 1916, 258. 

■* Loeb, Arch. gcs. Physiol., 1890, xlvii, 391. 

* Loeb, J., and Ewald, W. F., Zcnlr. Physiol., 1914, .xxvii, 1165. Loeb, J., and 
Ynsteneys, H., J. Exp. ZooL, 1917, xxii, 187. 

* Lillie, R., Am. J. Physiol., 1901, v, 59. 60. 

~ Mast, S. O., Light and the behavior of organisms, London, 1911. 
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maintained and is proportional to. the difference in illumination of 
the two sides. The tonic changes produced under these conditions 
are entirely analogous to the changes in muscle tonus produced under 
the influence of a gradually increasing galvanic current and are in 
marked contrast to the twitch with which a muscle responds to a 
sudden stimulus. The analogies between electrotonus and what we 
may now call photolonus, have been considered in some detail in a 
pre\'ious communication.^ 

Lyon found® that aU compensator\' motions of insects were abolished 
by blackening their eyes, while the positions of the eyes of Crustacea 
were so altered that he concluded that “h'ght may cause .... an 
unequal tension of associated muscles.” Ewald® confirmed this 
in a quantitative way for the orientation of the eye of Daphnia. 
Hohnes‘“ (1908) also describes an “increase in the tension of the leg 
muscles (and eye stalk of fiddler crabs) brought about by strong illumi- 
nation.” Delage.*^ in 1887, had already concluded that the eyes of 
insects seem to be their most important organs of equilibrium, and 
Radl‘® believed them to be true organs of muscle tonus. Even ver- 
tebrates show that illumination of the eyes has a distinct effect upon 
the tonus of associated muscle groups as was demonstrated by. Gar- 
rey,“ and by Lyon’s proof that the rheotropic orientation of several 
species of fish depended upon the optical effects of a “relative motion 
between the fish and its solid surrounding.”” Loeb’s*® experiments 
on the compensator^' motions of homed toads show a similar influence 
of light upon the tonus of associated muscle groups, since the effects 
of light and rotation, upon compensator^’’ motions, were sximmed alge- 
braically. In man, the eyes also have an effect upon the tonus of 
the body muscles, subordinate only to that of the internal ear and the 
muscle sense. This is illustrated in the so called \'isual nystagmus of 
the eyes. It may prove true that the relation of the eyes to Rom- 

®Lyon, E. P., Am. J. Physiol., 1900, iii, 86. 

® Ewald, W. F., Science. 1913, x.'oa-iii. 236. 

Holmes, S. J., J. Comp. Xeurol. and Psychol., 1908, x\Tii, 493. 

” Dclage, V., .4rf/;. zool. e.xp. el gSii.. 1887, series 2, v, 1. 

Radi, E., Untersuchungen liber den Pholotropismus der Tiere, Leipsic, 1903. 

’’ Gairey, Biol. Bull., 1904-05, mi, 79. 

"Lyon, .4m. J. Physiol., 1905. xii, 149. 

'’’Loeb, .4rr//. gcs. Physio!.. 1907. cxvi, 368. 
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berg’s sign in tabes dorsalis is due simply to a loss of muscle tonus 
when ocular illumination is prevented rather than to true vision; 
if so, it falls into the same categorj^ with the loss of tonus resulting 
from the degeneration of the posterior columns whereby the afferent 
impulses from the muscles and tendons fail. 

Ewald, Lee, Lj'on, Luciani and others have shown that the muscle 
tonus ,of vertebrates is maintained chiefly through afferent impulses 
from different parts of the otic labyrinth. Ewald states that loss of 
these impulses, by ablation or defect of the lab 3 '^rmth, causes “an 
abnormal relaxation of the affected muscles, diminished energy during 
activit}', and diminished precision of the movements in which they 
are concerned.”^® The insecta show no lack of muscular tone or power 
of precision or coordination of movements, although they possess 
neither otic labyrinth nor structures which suggest that thej’’ might 
function in any similar way. It is the intention of this report to show 
that the reflex effects produced by illumination of the eye of helio- 
tropic insects establish physiological conditions in their muscles 
which are in every way analogous to these effects produced through 
the internal ear in vertebrates. The initial experiments which sug- 
gest this analogy were made by Rddl*^ but the obser\fations of Holmes^® 
(1905) had a much more direct bearing upon the problem in hand. 
He worked vdth the water scorpion, Ranatra, which is positively 
heliotropic; it seems to have been especiallj'^ favorable material since 
both the descriptions and dra\vings of Holmes show striking changes 
of posture produced by illuminating the animal from different direc- 
tions, and by blackening the ej'es.' Our investigations show that 
similar postures assumed by insects are the result of changes in the 
tonus of various muscle groups due to the unequal or asymmetrical 
illumination of the two eyes, a feature which is of general application 
to a great.manj'^ groups ,of the insects. 

Our experiments were conducted mainly upon the robber flies 
which are possessed of long legs and powerful muscles. Proctacantims, 
(Fig. 1) was especially good material for postural studies, Proimchus 

Ewald, J. R., Physiologische Untersuchungen iiber das Endorgan des Nervus 
octavus, Wiesbaden, 1892. 

i7R4dI,>= p. 52. 

Holmes, J. Comp. NcuroL and Psychol., 1905, xv, 305. 
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and Dcromyia were also good, but the commoner gray forms of 
asilidffi did not show the reactions with the same constancy. Other 
forms will be mentioned when used. To obtain the desired difference 
in illumination, the eyes were coated wholly or in part by asphalt 
hlack varnish w'hich forms a hard, brittle, opaque covering. 

Effect of Blackening Both Eyes. — ^Lyon“ noticed that house flies 
with both eyes blinded “show marked loss of equilibriiun and often 
refused to fly or move in a normal manner,” if “placed on their backs 
they would remain there for a long time without making any effort 
to get up.” Similarly we find that Proctacanthus remains quiet after 



Fig. 1. Robber fly (.Proclacanlhns) under normal conditions, seen from above 

blackening both eyes. Wffien handled, the efforts to escape are feeble 
and unaccompanied by the \dcious biting of normal robber flies. 
^Tien stimulated, they move about in a most incoordinated way and 
usually topple over on one side or the other. Flight is without lifting 
power; they fall to the floor and land on their backs. Efforts to right 
themselves are feeble, incoordinated, and often ineffectual. WTien 
resting on a flat surface, the legs are abnormally extended and the 
proboscis and ventral aspect of the thorax touch the surface, as if 
the body weight could not be supported. Butterflies similarly settle 
to the surface, right themselves with difinculty, and simply flutter 
about, when thrown into the air, and fall to the ground. 


‘=Lyon,® pp. Ill, 112. 
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In the light, normal Proctacanthus, and flies in general, hold the 
body well from the surface when walking and leave ordy the tracks 
of the feet on smoked paper, but after blackening the eyes, or in the 
dark, some part of the bod}’- also leaves a trail. The whole experi- 
mental picture of inactmty, muscular weakness, and incoordination, 
when the eyes are darkened, points to a decreased neuromuscular 
tonus which is normally maintained reflexly by the action of light on 
the eyes.”® 

Effects of Blackening One Eye. — ^The fact that positively heliotropic 
flies, with one eye removed, move in circles toward the good eye was 
discovered by Loeb,® and Parker®^ found that when one eye of Vanessa 
antiopa was blackened, the animal circled in the same way both when 
fl}dng and creeping and he pointed out the relation of this phenomenon 
to the theory of hehotropism. Holmes showed the same behavior of 
other forms, such as Eyalella, Orchestia, and Talorchcslia , and also 
that the postures of the legs of the two sides of Ranatra were differ- 
ent under these conditions.*®’*'' Both the circus motions and the 
postural changes due to unequal illumination of the two eyes, or pro- 
duced by blackening one eye, are in reality showm, in some degree, by 
practically all heliotropic insects. 

• If the right eye of Proctacanthus is blackened, the insect circles to 
the left both when walking and flying. The reason for the abnormal 
progressive movements is e-vddent if one examines the resting posture 
of the robber fly, which is more striking in tliis insect than in any 
otlier examined (Fig. 2). On the left side, that of the uncovered eye, 
the legs are all in a state of flexion, closer together than normally, and 
dravm well under the body, while on the other side all the legs are 
extended and spread out like the ribs of an open fan. The anterior 
leg of the normal side is adducted to the right, i.e. to the side of the 
blackened eye, and may even cross the corresponding leg of that side. 
The condition is a sustained, tonic one, by -virtue of wliich the only 

We offer the suggestion that the restlessness of these insects in the light, and 
their quietness in the dark, may be a true photokinesis, that in reality both photo- 
kinesis and heliotropism have an identical physiological basis in the effects of light 
which reflexly increases the neuromuscular tonus and excitability, and that it is 
only the orienting effect of light which prevents the heliotropic forms from exhib- 
iting photokinesis and thus coming to rest in the dark. 

®* Parker, G. H., Mark Anniversarj’ Volume, 1903, 455. 
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possible movement is one in -which the flexed legs pull, and the ex- 
tended legs push the animal to-ward the illuminated eye. The legs 
on the side of the illuminated eye cannot be -widelj* separated nor can 
those of the other side be easily approximated, thus tending to produce 
a -wider arc of progression on the side of the blackened eye. Coupled 
-with the asj-mmetrical position of the legs- there is a tilting of the 
whole body toward the side of the rmblackened eye, so that the legs 
on that side may be pressed to the table (Fig. 2). That the body 
muscles are also involved in this tilting is probable, for in some indi- 
\dduals, especially -with strong illumination, the muscles of the 



Fig. 2. Fig. 3. 

Fig. 2. Robber fly with right eye blackened, seen from above as in Fig. 1. 
Bodj’ tilts to the left, head rotated still farther to left. Left legs flexed, right legs 
e.xtended so that, in ^lo^•ing, the fly circles to the left only. 

Fig. 3. Robber fly -with right eye blackened, viewed from the front. Posture 
as in Fig. 2. 

abdominal segments are contracted on the side of the unblackened 
eye, thus producing a slight bending of the abdomen -with its conca-vdty 
toward that side. The head is also tivisted. with the crown to the 
left, farther than can be accounted for by the tilting of the bod}’- 
(Fig. 3). This means that the head is actually rotated on the long 
a.\is of the body; at the same time the head is also turned -with the 
blackened eye advanced, thus opening the angle -with the front of the 
thorax on that side. Measurement of the relative tilt of the body 
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and twist of the head showed that when the body tilted 30° from the 
vertical the sagittal plane of the head inclined 50°, with a body tilt 
of 45° the head was inclined 75°, while in extreme cases, with ver}-- 
bright illumination and over reactive flies, the body frequently tilted 
as much as 55° or 60°, sometimes even more, and the sagittal plane 
of the head was horizontal. 

The same postural asymmetry ma}-^ be produced by simply focusing 
onto the left eye of a normal robber fly a beam of light from the 
objective of the optical system of a string galvanometer; thus the 
right eye is relatively dark, there is an vmequal photochemical reac- 
tion in the two eyes, and asymmetry in the tonus of the muscles of 
the two sides of the body is produced just as it is by producing the 
imequal photochemical change bj”^ blackening one eye. 

In general it may be stated that all butterflies, including yellows, 
whites, meadow-browns, coppers, skippers, and fritillaries, react in 
the same way. They show abnormal postures when quiet, and 
circle toward the unblackened eye both when walking or flying. 
Circionis dope, Vanessa hunlera, and Argynnis aphrodite are good 
types for illustration. 'N^Tien resting, the wings are held together 
above the back and show the tilt of the body in a striking way when 
•one eye is blackened. The average body tilt in the bright light of the 
laboratory was 40° as shown in Fig. 4. This figure also shows the 
rotation of the head by the fact that the antennse are displaced toward 
the seeing eye, often both being carried to this side beyond the sagit- 
tal plane of the body; in this feature there may also be some con- 
traction of the muscles of the antennae, which in extreme cases 
carries the lower antenna parallel with, or even touching the hori- 
zontal surface on which the butterfly is resting. Vanessa often holds 
its wings spread horizontally; this is the normal position of the wings 
of moths; and in these cases the wing on the side of the blackened eye 
is elevated while the other wing is depressed and touches the surface 
on which the animal rests. This asymmetrical condition of tonus of 
the ving muscles is maintained both when resting and when walking 
and it is probably the cause of the circus motions when flying. The 
tonus of the muscles of the anterior pair of walking legs of butterflies 
is so altered as to produce the asymmetrical postural conditions de- 
scribed for Proctacanlhus, and to an exaggerated degree. The changes 
in the posterior legs are not so clear. 
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Most of the commoner flies (Mtisca, Dexia) show reactions, when 
one eye is blackened, which are completely in accord with those shown 
by Proclacanthus and butterflies, and the general description already 
given will suffice, but the banded-eyed fly or “green-eye,” Tahanus, 
is the most t3'pical and sensitive in its responses. All the postural 
changes already described are well exhibited by this fly, especially 
the lateral flexion of the broad thin head. After blackening one of 
its eyes the circus motions toward the unblackened eye are made in 
circles of verj' narrow diameter, so that this fly is well adapted to the 
study of effects of the inten^ty of light, to turntable experiments, 
and incidentally to the study of m'stactic movements of the head. 



Fig. 4. Butterfly seen from the front. Shows the tilting of the body and rota- 
tion of the head toward its left after blackening the right eye. 

which occur in this insect when it is rotated in both directions, even 
after the ayt has been blackened. The nj'stactic movements are so 
easily elicited in this fly, and some others observed bj' the writer, 
that they are produced by its own spontaneous movements to either 
side. The drone flj% Erislalis, also shows marked changes of muscle 
. tonus and forced movements due to differences in the illumination 
of the eyes. To produce the topical results of blackening one ej-e as 
seen in other forms, it is necessaiy*, in this insect, also to blacken the 
inner half of the other ej'e.- WTien this is done Erislalis shows 

“ Several forms did not exhibit typical results after blackening one eye; for 
example, the vespidE and dragon flies. Calliphora also is at>-pical in its reactions, 
and Erislalis seemed to fall into the same group. It was found on Erislalis that 
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extreme tilting of the body toward the side of the uncovered eye sur- 
face. All the legs on this side are flexed until hidden under the body 
and the anterior leg is adducted far toward the side on which the black 
has been applied and may even be Ausible beyond the body on that' 
side. In preening the abdominal segments udth the posterior legs, 
the leg on the blackened side rubs onlj’^ the lateral and dorsal aspects 
while on the side of the functioning eye the preening is confined to the 
lateral and ventral aspects of the abdomen. 

The fruit fly, Drosophila, owing to its precise heliotropic reactions 
would be material of choice for these studies. \Vhen one eye is 
brilliantly illuminated, these flies show the typical flexion of the legs 
on that side.. The blackening of the eye is a time-consuming pro- 
cedure which offers practical difficulties due to the diminutive size; 
one cannot be certain that injur}*^ has not been inflicted, nor that com- 
plete blackening is accurately accomplished. Nature has performed 
the experiment for us however. Among the types of Drosophilm 
raised by Professor T. H. Morgan, is a tjpe possessing one normal red 
eye, the other eye being white, and blind or defective. Professor 
Morgan called my attention to the fact that these flies move in circles 
toward the normal eye. He gave me the opportunity, in one instance, 
of convincing myself that light acting on these one-eyed forms produces 
the same effects as on normal flies ivith one eye blackened. More 
recently I have studied many of tliese flies and found that the typical 
asymmetr}^ in the position of the legs is characteristic, the legs on the 
side of the normal eye being flexed and even concealed beneath the 
bod}^ while those on the side of the defective eye were extended. 
The flies moved in circles from the time they were hatched until they 
died; they never learned to correct the abnormal physiological con- 
dition of the musculature. 

after blackening one eye the typical results were obtained, in exaggerated form, 
by blackening the inner half of the other eye. The writer has been led to the 
belief that in most of these forms each eye can function like both eyes of other 
forms. Each eye controls the muscle tonus of symmetrical groups of muscles on 
both sides of the body. Physiologically speaking these forms are bilaterally 
cydopic. This possibility should be borne in mind when working with forms in 
which it is found that blackening of one eye does not produce the expected results; 
thereby one of the stumbling blocks to agreement on the heliotropic mechanism 
will be removed. 
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The fact that flies which have always been blind in one eye show the 
same dianges in the muscle tonus and the same motor reactions as 
other insects with one eye blackened, eliminates all idea of “avoiding 
reactions.” The further fact that the behaidor of the insects in the 
above experiments, and in those to be described, is due to forced 
motions dependent upon the conditions of muscle tonus which e-vist 
in the resting animals, also disposes of any relation to “trial and 
error.” 

We may summarize the results of the above e-vperiments by stating 
that the tonus of the muscles depends upon the illumination of the 
eyes. The muscle groups affected bj' the right eye are different from 
those affected by the left eye, thus a difference in illumination of the 
two eyes, whether induced b}’’ illuminating one or blackening the 
other, produces an as3'mmetr}’- when the insects are at rest. The 
conditions of muscle tonus thus produced are such that if the animals 
move, they are forced toward the side of the greater illumination. 
.\s preiiously pointed out,^ the mechanism of this forced motion is the 
same as that in the movement of animals in which the tonus of 
the muscles has been produced by other means, such as passing the 
electric current through the body as described bj' Loeb and JIa.Ywell“ 
and b}'' Loeb and Garrey.-^ 

Similar tonus changes and forced motions can also be produced bj* 
ablation or defects in the internal ear of vertebrates, so that as an 
organ of muscle tonus, the ej'^e of insects is comparable to the otic 
lab}Tinth of vertebrates. In elaborating this conception we shall 
show that there are verj^ intimate fimctional analogies between the 
eye of the insect and the vertebrate ear, which emphasize the simi- 
laritj' of this relationship to muscle tonus; thus the tonus of specific 
groups of muscles is controlled by definite areas on the insects’ e\-es 
much as they are in vertebrates by different parts of the otic labv- 
rinth. The following e.xperiments will make this clear. 

Efect of Blackening Part of One Eye . — This procedure has the effect, 
although to a lesser degree, of blackening the whole eye; more accu- 
rately, it has the effect of decreasing the illumination in that eve. 
The e.xtent of the tonus changes in the muscles is, roughlj- speaking, 

Loeb, J., and Maxwell, S. S., Arch. gcs. PhyswJ., 1896, Ldii, 121. 

Loeb, J., and Garrey, W. E., Arch. ges. Physiol., 1897, lx\-, 41. 



112 


HELIOTROPIC MECH.'^NISir 


proportional to the area blackened. Thus a dot of black centrally 
located on one eye may produce no appreciable effect upo’n the 
position of the legs of Proclacanthis, although by increasing the area 
circumferentially until half of' the eye area is blackened, postural 
changes are produced. But even before enough of the eye has been 
blackened to show the resting postural changes, circus motions 
toward the normal eye take place. 

While it is true that this result attends blackening of an equal area 
on any part of the eye, there is nevertheless a marked difference in 
the relation of different parts of the eye to the different muscles; for 
example, the radius of the circus movement is less when the outer 
half of one eye is blackened than when the inner half is thus treated. 
This was put to a sirnple test. The outer half of the right eye was 
blackened and the robber fly circled to the left; the inner half of the 
left eye was now blackened but the fly still circled to the left, although 
in a much larger circle than formerly, showing only a partial neutrali- 
zation of the effect. By extending the line of blaSiening farther out 
on the left eye or decreasing the area of black on the outer side of the 
right eye, exact neutralization could be obtained, and by continuing 
this process Proclacanthis could be made to circle to the right. The 
reversal of the direction of circling is thus brought about in this fly 
by simply altering the relative amount of light entering the two eyes 
although the space relation of the light field to the dark field does not 
change. This reaction is wholly incompatible with the idea of an 
“avoiding reaction.” 

An experiment, performed on Eristalis, gave results confirming the 
contention that in this form, each eye controls the muscles of both 
sides of the bodjL Blackening the outer half of one eye may not pro- 
duce a strong tendency to circle to the opposite side. The additional 
blackening of the inner half of the other eye, so that corresponding 
visual fields of both eyes are obliterated, produces marked circus 
motions — much more marked than result after blackening all of one 
eye. Still more marked is the effect of blackening all of one ej'e and 
the inner half of the other; the circles made by Eristalis then have a 
minimal diameter, the flies often simply rotating about the vertical 
axis of the body if the fight is intense. The explanation of this 
phenomenon has already been considered. 
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upward and backward striking the cover of a confining glass dish or 
looping the loop backward. Upon alighting they fall on their backs 
and right themselves only by turning a backward somersault. If the 
lower parts of the eyes are unequally blackened, there is a combina- 
tion of these effects with the tendency to circle toward the e3^e with 
more surface exposed to the light. 

Effect of Blackening Upper Halves of the Eyes . — ^The resting attitude 
assumed bj' Proctacanthus with the upper halves of both eyes black- 
ened is exactl}'- the opposite of that just described, as may be noted in 
Fig. 6. The body of the insect is in emprosthotonus. The abdomen 
is concave ventrally and there is a considerable angle between the 
wings and the dorsum of the abdominal segments, due to the ventral 



Fig. 6. Robber fly with the upper halves of both eyes blackened. Body in 
emprosthotonus, head down, anterior legs flexed. 

< flexion of the thorax. The head too is bent down with the crown for- 
ward and the frontal aspect pressed totvard the table. The anterior 
legs are fle.xed, while the posterior legs by a combination of flexion 
and extension of different segments, tilt the thorax upward and fonvard 
so that in some cases the robber fly literalh' stands on its head. Such 
an animal when it creeps forward strikes the head against the slight- 
est obstacle and is precipitated in a forward somersault. In attempted 
flight it is not able to lift the bodj' and crowds forward and do^vn 
against the surface of the table, while if thrown into the air, it is 
precipitated downward in a forward somersaulting flight to the floor, 
where it lands on its back. In this position the fly is almost helpless, 
being able to right itself only if its struggles make it favorable to turn 
sideways; otherwise its futile efforts result in a ventral fle.xion of the 
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body in which the anterior and posterior ends of the insect meet in a 
ring. 

Effect of Blackcniug Upper Half of One Eye and Lower Half of 
Other Eye. — By blackening the upper half of one eye and the lower 
half of the other eye of Proclacanthus. one obtains a combination of 
the effects described in the preceding experiments. This procedure 
emphasizes the fact that different parts of the eye control the tonus 
of entireh' different groups of muscles on the two sides of the body. 
The resulting tonus changes produce a most bizarre tj-pe of asymmetr}' 



Fig. 7. Robber fly with the upper part of the left eye and the lower part of the 
right eye blackened. Bod\' tilted to the right and twisted on its long axis. Head 
rotated to the right. Left anterior leg and right posterior leg e.xtended. Right 
anterior leg and left posterior leg flexed. Moves in circles to the right. 

in the position of the legs at rest, and in the character of the move- 
ments (Fig. 7). Thus with the lower half of the right eye and the 
upper half of the left eye blackened, there is flexion of the anterior 
leg of the right side and extension of its mate on the left side. There is 
fle.xion of the posterior leg on the left side and extension of the right 
posterior leg. The whole body is thus twisted on its long axis. The 
head is depressed and rotated down on the right side, that is toward 
the blackened area of the eye of that side, up on the left side so that 
the sagittal plane of head is horizontal. The tail end is twisted down 
on the left side. 
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When these insects move the}'^ do so in a most clumsy incoordinated 
manner, always in small circles to the right in spite of the fact that 
equal areas of the two eyes are blinded, indicating again the fact 
that different areas of the eyes control the tonus of entirely different 
groups of muscles. Flying movements are absolutely disorganized. 
The wings have no lifting power and the fly simply spins about a verti- 
cal axis, never leaving the surface of the table. If thronm into the 
air, the body may rotate on its long axis and gyrate in so incoordi- 
nated a way that schematic analysis is impossible. One is reminded 
again of asymmetrical lesions in the labjrrinths of the vertebrate ears. 

Effect of Symmetrical Blackening of Eyes. — Symmetrical blackening 
of the eyes, both outer halves or both inner halves for example, 
does not result in an}'^ asymmetrj' of posture either of the body, legs, 
or wings of Proclacaiithiis, provided equal areas are blackened on the 
two sides. There is weakening of some groups of muscles, but, the 
two sides being symmetrically affected, there <ire no forced motions 
either to the right or left. 

Comparison of the Insect's -Eye with the Otic Labyrinth of Verte- 
brates. — ^The experimental results afford irrefutable proof that the 
tonus of the muscles, their excitability, and force of contraction, 
and thus the basal conditions for coordinated movement, are depend- 
ent upon the effects of light upon the eyes of heliotropic insects. The 
otic labyrinth subserves' these fimctions in vertebrates. In the 
latter, entirely different groups of muscles are affected by different 
parts of the labyrinth, and’ the analogy to the insect’s eye is made 
complete by our demonstration that different parts of the eye control 
the tonus of different groups of muscles. Blackening the right eye , 
affected very different groups of muscles from those affected by a 
similar treatment of the left eye; hence the circus motions were to the 
left or to the right respectively. The outer and the mner halves con- 
trol different muscles. There are striking differences between the 
effects of blackening the upper ’and the lower halves of the eyes. 
There thus exists an optical mosaic in which the receptors are arranged 
in definite patterns which are mirrored in the groups of muscles in- 
volved in the effects of light and shade on these different areas. 

It is possible even to trace, mth a considerable degree of certainty, 
the path of the nerve impulses from the eyes to the different groups of 
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muscles. Such a detailed study is beside the purpose, and beyond the 
scope of this communication; a brief reference ndll suffice. Blacken- 
ing one eye of positively heliotropic insects decreases the tonus and 
weakens the extensors of the opposite side, resulting in a fle.xion of the 
legs due to the vmopposed action of the flexors. There is then at least 
a partial crossing of extensor ner\'e paths. The condition is similar 
to that demonstrated by operative methods on Gdasimus piignax 
by Loeb and Maxwell.^® The nerve paths between the eye and the 
flexors are not crossed; thus blackening one eye decreases the toiius 
and weakens the flexors on the same side and extension is imopposed. 
With the upper halves of the eyes blackened, the tonus of dorsal 
muscles is decreased and the e-xtensors of the anterior legs are prind- 
paUy weakened with resulting flexion. Loss of fimction of the lower 
part of the ej'e weakens the flexors of the anterior legs, which become 
extended by the unopposed extensors, while the loss of tonus of the 
ventral body muscles results in opisthotonus. Other relations are 
easily made out. 

Masked Conditions of Tonies, — ^The truest gauge of the ph}-sioT 
logical condition of a musde is to be foimd in the character of its 
responses. The circus motions, which result from blackening one 
ej'e, are the result of asjTnmetrical conditions of the tonus of musdes 
of the two sides; these conditions exist in the resting musde as is 
indicated b}* the resting postures. It often happens however that 
•these resting postures are not in eddence, espedall}^ if the difference 
in illumination of the two eyes is not great, or in faint illumination 
after one eye has been blackened. Postures seen in one form may 
-•srarely if ever be eddent in another; for example, the lateral bending of 
me, abdomen of Proclacanthiis often is not eddent imder ordinary 
fllumination after one eye is covered. Actidty however unmasks 
the true state of the muscle. Thus a sharp blow on the table, touching 
the insect with a bristle anj-where on the body, or a gentle blast of 
air delivered from any angle, elicits a general contraction of the bod}' 
muscles without any progressive movement. In this response the 
expected postures are always assumed, at least momentarily; for 
e.xample, a lateral bending of the abdomen of Proctacanthus alwavs 


Loeb and Maxwefl,^ p. 134. 
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takes place toward the unblackened eye, and butterflies which ma}’’ not 
lean toward the good eye, topple over toward that side if stimulated; 
they resist pressure against the wnngs from the side of the good e3''e 
but fall sideways if pushed orblown against from the side of the black- 
ened eye. In alighting from flight such butterflies topple over toward 
the good eye as a result of the incoordination which results when 
the leg muscles are suddenl)’^ called into action. Such' butterflies 
in rightiog themselves may spin about several tunes toward the 
fimctioning eye, although when at rest they may show no postural 
abnormality. These reactions demonstrate that there e.vists a real 
asymmetry in the physiological state of the muscles of the two sides, a 
weakness and absence of tonus which is unmasked onlj' when a moto r 
effort is made. We have here a perfect analog}^ to phenomena seen 
in vertebrates with certain labjrrinthine abnormalities. 

Asymmetrical Sensitiveness . — The maintenance of sjonmetrical 
equilibrium in the tonus and physiological state of the muscles of the 
two sides of the insects with which we worked, depends upon equiva- 
lent stimulation of both eyes. This is accomplished if the intensity 
of the illiunination is the same, and the sensitiveness of the two eyes 
is equal. The effect of a stimulus varies directl}’^ ndth its intensity and 
also with the sensitiveness of the receptive tissue. It occurred to the 
writer that circus motions should result if one eye could be made more 
sensitive than the other; these should be in the direction of the more ' 
sensitive eye when both are equallj'- illuminated. It was noted that- 
Proctacantlms with one eye blackened shows the most pronounced 
postural changes and moves in circles of smallest diameter when 
brought from the dark room or during the early morning. The fact,- 
was established that exposure to light produces considerable fatigiie 
of the eye and consequent w'eakening of the effect of light as noted in 
the progressive increase in the diameter of their circus movements, 
and that complete recovery of sensitiveness occurs after confinement 
in the dark. These facts suggested the expedient of simply removing 
the black from one ej’’e after exposing the other to light for some 
hours. We were certain that the covered eye would be dark- 
adapted and relatively much more sensitive than the eye which had 
been exposed to light. Asphalt varnish hardens into a thin brittle . 
scale and is easil}’- cracked from the ej’-e by a pair of fine pointed 
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forceps after a day or two. If the right eye had been covered, the 
Proctacaiilhus circled to the .left, but immediately upon flaking off the 
covering and flooding the eyo. with light the direction of the circus 
motion was reversed and the insect circled to the right, — the side 
from which the black had been removed. The normal eye, owing to 
its pre\’ious exposure to light is fatigued; it has now become physi- 
olo^cally darkened although there has been no change in the illumina- 
tion of that eye. The muscle tonus is affected by the greater sensi- 
tiveness of the right eye as if it were intensely illuminated. The 
effect may be produced by the removal of only a verj-^ small part of 
the black covering. The abnormal sensitiveness may persist for 2 
hours or more but gradually wears off as the eye becomes light- 
adapted or fatigued, and the robber fly then behaves like a normal 
one. The experiment is a crucial one. demonstrating that the muscle 
tonus is proportional to the rate of photochemical reaction in the eye. 

Effects of Ivicnsily of Light upon Muscle Tonus. — ^Evidence has 
aheady been presented pro^^ng that muscle tonus is maintained by 
the action of light on the eyes and is lost in the dark, also e'vidence 
indicating that the tonus is proportional to the intensity of the illumi- 
nation of the eyes. This can be demonstrated easily by the changes 
which result in the circus motions and postures of the insects upon 
varying the illumination after one eye has been blackened. A 
butterfly such as Circionis alopc thus treated flew in circles ■with a 
diameter of 5 or 6 feet in the diffuse light of a room ■with windows on 
three sides, while in the sunlight the circles of flight were reduced to a 
diameter of 2 or 3 feet. Similarly when walking, the diameters of the 
•',drcles were 2 or 3 feet when in diffuse light, but only a few inches in 
fnb .sunlight. The degree to which resting butterflies leaned toward 
the good e 3 -e in diffuse light was distinctly increased bj' reflecting 
sunhght onto the ej^e from any direction. The bilateral asjTtnmetiy’ 
of the legs of Proclacanthus was much more marked in several indi- 
viduals in the sunlight than when they were shaded, and the circles 
of movement had a much smaller diameter in the sunlight. Tahanus 
■v\^ith one eye blackened, and Eristalis, with the additional blackening 
of the inner part of the other eye, lean far toward the seeing eye sur- 
face in sunlight and often simply circle about the tip of the posterior 
leg as a center, rarely in a circle with a diameter of more than 1 inch. 
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On the other hand, if these flies are shaded die diameter of the circles 
increases to 3 or 4 inches, -while in the dim light of our dark room 
ivith open door, no tendency to circle was noticeable. 

These effects are a function of the intensity of the illumination and 
are independent of all orienting effect of the light from a single source. 
Experiments deidsed to demonstrate this fact were performed by the 
author in 1912 and were described in lectures at Woods Hole that 
3 'ear.-^ The experimental insects -were placed on the bottom of an 
illmnination chamber made from a C3'lindrical dish, 20 inches in diam- 
eter and 12 inches deep, lined throughout with white blotting paper; 
the dish was covered ivith ground glass, and illuminated centrally 
from above b}' tungsten lights. Peep holes were provided for observa- 
tion. With a 10 watt light, although one eye had been blackened, 
the insects moved about indifferentl}"^ or at least had no difficulty 
leaving the floor and ascending the walls of the dish. With a 25 
watt light they kept on the bottom; when a 100 watt light was used 
the circles were never over 6 or 8 inches in diameter, while a light of 
400 watts caused a pivoting in one spot. 

Results which lead to the same conclusions were obtained by par- 
tially excluding hght from one eye by painting vdth collodion in ether- 
alcohol solution or with shellac in alcohol. The effects of a single 
la 5 ^er of collodion were hardty noticeable. Successive laj'ers, espe- 
cialty when milky, produced progressive narrowing of the circles of 
movement. Shellac had the same progressive effects until the result 
of total blinding was produced. 

The results of these e.xperiments justify our assertion that the 
muscle tonus varies directty with the intensity of the illumination, - 
and that the asjmunetty of the muscular tone, upon which circus 
motions depend, is determined by the difference in illumination of 
the two eyes. The same conclusions are reached b}' summing the 
effects of gratyty with light, as described below. 

Experiments with Heliotropic Insects Placed upon a Vertical Surface. 
—Butterflies, with normal eyes, and common flies walk directly up a 

Similar e.xperiments have been described by Holmes and ^IcGraw {J . Animal 
PchaVior, 1913, iii, 367) who describe “orienting effects with a constant illumina- 
tion.” Dr. ilinnich under the direction of Professor G. ,H. Parker has made 
quantitative determinations of circus motions under similar e.vperimenta! condi- 
tions; we regret that thej' are not yet available for reference. 
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vertical surface or rest with the body axis in a vertical line. \\Tien 
one eye has been blackened, they no longer walk vertically but veer 
off at an angle toward the unblackened e 3 'e. There is an algebraic 
summing of the tendencj' to follow the vertical path and to circle 
toward the good ej-e which results in the oblique path. WTien at 
rest, the body axis pre5er\-es this obliquity. Several butterflies with 
one ej-e blackened were put upon an opaque, gray, vertical screen, 
so placed in the laboratory that one side received the direct light from 
the ^\indow while the other was shaded. On the shaded side the 
angular de^^ation of the path was 15° from the vertical. WTien the 
screen was reversed, the brighter illumination from the windows 
caused a de\'iation to a path 45° from the vertical, and when placed 
in the sunhght, the average path in which thej" walked was 75° from 
the vertical. In the latter instance the circling tendency' was often 
noted, and the butterflies’ path might demate to the horizontal line; 
they then completed a sharp turn domiward toward the good eye and 
swung completely around again, starting the vertical ascent, but at 
once began to sweiA'e off at an angle. If the butterflies are placed 
upon a screen, the upper half of which is in the sunlight, the lower 
half shaded, one is surprised at the prompt increase in the angular 
demation of the path as they cross the line from the shade into the 
sunlight. The flies. Tabanus and Eristalis, were imable to ascend a 
vertical screen when it was directly illiiminated bv' bright window 
light but move in circles on it; in dim hght thej' ascend obliqueljL 
Experiments on a Cylinder or Spindle . — Instead of a plane, vertical 
surface an upright cj^Iinder or stick maj' be used. The position 
--V assumed bj' Proclacanthus (Fig. 8) is oblique to the vertical and 
shows the typical flexion and extension of the legs due to blackening 
one eye. WTien the spindle is placed in the center of the fllmnination 
chamber described above, or when light is reflected uniformlj- from all 
sides, the effects of variations in the intensity of illumination mav be 
determined. All heliotropic insects, with one eye blackened, ascend 
such cj-linders obliquely (Fig. 8), and the forced motion carries them 
up in a uniform spiral path. Instead of measuring the angular ascent, 
as on the plane, vertical screen, relative effects are determined b\' 
counting the munbers of turns required to ascend a given distance. 
Tlie arrangement constitutes a crude photometer, for the brighter 
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tlie light, the greater the number of spiral circuits required to make the 
ascent. T abamis and Eristalis are excellent flies for these experiments. 
They may be dealated or the -wings glued together to prevent fl3^mg. 
It is convenient to place the flies inside a graduated glass cylinder to 
prevent escape. Surround this cjdinder with a much larger one of 
white mat-paper, or blotting paper, and illuminate by light reflected 
from above. In one such experiment, which is quite typical, an 
Eristalis made the ascent of the inner wall of the graduate in two 
spirals, when illuminated b}" dim artificial light placed above the 



Fig. 8. Position of a robber fly on a vertical spindle after blackening the right 
eye. It creeps up the spindle in a spiral path to the left. 

cylinder in the dark room.' In the laboratorj’-, with the window shades 
do-wn, the fly made four spiral turns. With the shades up, twelve 
spiral circuits were completed in making the ascent of 12 inches. 
When illuminated b}’^ sunlight, the fly simply pivoted on the wall of 
the cjdinder and was entirely unable to make the ascent. In the 
latter instance the marked difiterence in the tonus of the muscles of the 
two sides, caused by the intense light, produced forced motions 
about the flj’^’s dorsoventral axis. 

If an opaque spindle is arranged vertically so that one side is in the 
bright light, the other in the shade, insects with one blackened eye 
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move in vety different paths on the two sides. On the shaded side 
the spirals are parallel and the pitch is acute, but in the bright light 
of the other side the fly’s path is more nearly horizontal; it may 
become horizontal and then the fly moves in a small circle downward 
and may thus be trapped on the bright side of the spindle. It resumes 
its upward path only if, when executing the smaller circles, it is carried 
to the shaded side of the spindle. The different character of the 
paths on the two sides is onlj’^ the e.xpression of forced movements 
due to the different conditions of muscle tonus in light of different 
intensities. The facts are significant in that they explain the move- 
.ment of positively heliotropic insects to a light even when one eye is 
blackened. They do so, as the records of many obser\'ers attest, \ in a 
succession of large and small circles. In circling, the good eye is 
successively flluminated by, or shaded from, the luminous source. 
The large arcs are executed when the good eye is shaded, and the 
smaller arc is traversed when the good eye is conaing into bright light. 
The effect is due only to the effects of the vaiydng illumination upon 
the muscle tonus. The movements are “forced motions” — thus 
vanishes the mystery' of “trial and error” in these instances. The 
mechanism of the “ attraction” is the same as that in true heliotropism 
of flies with both ey'es normal. 

A stud)' of the beharior of heliotropic insects on a turntable has 
)’ielded results confirming the conclusions drawn from the preceding 
experiments. These- tests included obser\'ations on positively helio- 
tropic flies, butterflies, and beetles, slow walking forms being best 
adapted to the end; Tahamts and Erislalis gave excellent results, 
■•.^oeb- (1890) first described the fact that flies when rotated on a 
tihritable, showed compensatory circus motions in a direction opposite 
to that of rotation. Lyon® showed that these disappear when the 
eyes are blackened, and Radi*- believed them to be the result of a 
^'isual fixation. These reactions, as well as the nystactic movements 
of the head of insects, are so suggestive of those of vertebrates, where 
ffiey are due to the internal ear, that they strongly emphasize the 
fact that the muscle tonus of the insecta is controlled by reflexes 
from the eyes. 

Expcrhncnts on the Tnrnlabic.—A normal fly {Tabar^ns for e.xample) 
was placed in a cylinder at the center of a turntable, illmninated 
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equally on all sides. The ascent of the wall was made by the normal 
fly in a vertical line when the cylinder was stationar3L 'WTien the 
cylinder was slowly rotated the fly circled in the opposite direction as 
if to maintain a vertical line of ascent; the result of the rotation how- 
ever is to turn the body axis to an angle with the vertical, and the fly 
traverses a spiral path on the wall of the revohdng cylinder. In- 
creasing the speed of rotation (vdthin limits) increases the number of 
spirals and ma)'^ even cause the fl}'^ to walk horizontally or simply 
circle on the wall, ascent thus being rendered impossible. Mflien this 
experiment is performed after blackening one eye, the fly ascends the 
stationarj' cylinder in a spiral path' as described previously. Slow 
rotation -which carries the fly toward the side of the blackened eye 
intensifies this forced motion, the number of spirals is increased, or 
the vertical component of the path is entirelj'^ nullified with a much 
slower rotation than in the normal fly. On the other hand, if the 
rotation is toward the unblackened e3'^e, the tendency to circle in the 
opposite direction, which was noted in the normal fly, is still evident 
in the fly with the blackened eye, for it neutralizes the circus motions 
in part or wholly depending upon the speed of rotation. An appro- 
priate speed ma3' be found at which the fly no longer moves in a spiral 
path but ascends a vertical line on the wall of the cylinder. Faster 
rotation -will cause ascent in a spiral in the opposite direction — a 
forced circus motion toward the blackened e3"e. 

The intensity of the illumination has a decided effect on the turn- 
table reactions of these flies. It requires a greater speed of rotation 
in the bright light to cause the change from a spiral to a vertical path, 
and conversely, if the spiral path has been changed to a vertical one 
by rotation toward the unblackened e3"e, an increase in the illumina- 
tion will restore motion in a spiral path toward the good eye. This is 
of course due onl3’^ to a reestablishment of a difference in the muscle 
tonus of the two sides by increase in the illumination of the un- 
blackened e3^e. 

■ Concordant results are obtained on the horizontal surface of a turn- 
table. A fl3^ blinded in one e3'e, circles in a given radius; this radius 
is decreased and the fl3’- simpl3’^ turns about a vertical axis in one spot 
if rotated toward the blind e3'e. The circles are widened, or circling 
in .'the opposite direction results b3' rotating toward the good eye 
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depending upon the speed emplo\'ed. The brighter the light, the 
easier it is to narrow the circles by rotation toward the blackened eye 
and the more difficult it is to neutralize the forced motion by rotation 
toward the normal eye. Possibly the similar behaxdor. on the turn- 
table. of flies' from which Loeb had removed one-half of the brain, was 
due to the fact that the light stimulus from one side was lacking. 

In conclusion it may be stated that the condition of muscle tonus 
produced bv blackening the eyes was not recovered from in the weeks 
during which many robber flies and butterflies were kept in the labor- 
ator}" as a matter of fact, the asrmmetr}- of the muscles gradually 
became more pronounced and was fixed after death b}’ the onset of 
rigor mortis. 

SUiliLARY. 

The tonus of the muscles of heliotropic insects is due chiefl}' to the 
action of light; it is marked!}' decreased in the dark. Each eye con- 
trols the tonus of a different group of muscles on both sides of the body. 
Different areas of each eye likewise are related to the tonus of different 
muscle groups, and the relationship is entirely analogous to that of 
the otic lab}Tinth of vertebrates. As}Tnmetrical conditions of 
muscle tension are produced by any procedure which establishes an 
unequal photochemical reaction in the two eyes, by difference in 
illumination, b}- partial or complete blackening of one eye, or estab- 
lishing unequal sensitiveness in the two eyes. The imbalanced con- 
dition of muscle tonus expresses itself in unusual postures of the rest- 
mg insects, and in movements in forced paths — circus motions when 
-v,one eye has been blackened. These reactions var}' directly with the 
ittejisity of the illuminatiqn. as shown not only by the variation in 
diamttcrs of the circles, but also by the reactions of the insects on 
vertical surfaces and on the turntable. 

The relation of the results of these experiments to the problem of 
heliotropic orientation is too obiioils to require detailed discussion, 
which could only lead to a repetition of the description of the mechan- 
ism of heliotropism which Loeb has so clearly expounded. The 
experiments are so completely in accordance with Loeb’s rnuscle 
tension theory- of heliotropism. that they are tantamount to a com- 
plete proof of it. 
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In nearly aU breeds of poultrv- the dorsal plumage of the male 
differs from that of the female in length of certain feathers, in struc- 
tural features, and in most breeds in color also. In the race of 
Sebrights, on the other hand, the male, is feathered like the female. 
He is said to be hen-feathered. There are other breeds, such as the 
Campines and Hamburghs, in which both cock-feathered and hen- 
feathered adult males are known. 

It has recently been shown by Boring and Pearl that there are 
groups of cells in the ovary of the hen (Fig. 1) that collect in the fol- 
licles after the egg is set free, and produce there a yellow pigment 
that reacts chemically in the same w'ay as does the lutear pigment 
of the corpus luteum of the mammal. They call these cells lutear 
cells. 

Boring and Pearl have also shown that the lutear cells are absent 
in the testes of adult male fowls. 

It has been convincingly demonstrated by Goodale,- both for ducks 
and fowls, that extirpation of the ovarj*^ leads to the assumption of 
■' -tlie full male plumage bj’’ the female. WTiether the germinal material, 
or'Mje connective tissue of the stroma of the ovaiw’, or the lutear cells 
are responsible for the condition of the plumage of the female could not 
be determined by ovariotomy alone. If, however, any element should 
be fmmd in the testes of the hen-feathered Sebright that was absent 
from other cock-feathered breeds, and like any elements peculiar to 
the female, then it would appear highly probable that these elements 

'Boring, A. M., and Pearl, R., Anat. Rec., 1917, xiii, 253; Pearl and Boring, 
Am^.J.Anat., 1918, xxiii, 1. 

"Goodale, H. D., Biol. Bull., 1910-11, xx, 35; Am. Nat., 1913, xlvii, 139- 
l.Exp.Zool., 1916, XX, 421. 
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Lutear cells 


Lutear cells 




Fig. 1. Two groups of lutear cells in the theca of the follicle of the lien 


Lutear cells 


Fig. 2. Three groups of lutear cells in the connective tissue between the seminal 
tubules of the Sebright male. 


are responsible for hen-feathering in the female as rvell as in the male 
Sebright. 

A histological examination of the testis of a Sebright has shown that 
it contains groups of lutear cells (Fig. 2) identical in appearance Muth 
those in the ovary of the hen. It seems practicall}’’ certain that these 
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are tire cells whose secretion suppresses in the hen and in the Sebright 

male the characteristic cock-feathering. 

In support of this conclusion it may be pointed out that one of us 
has recently shown that complete removal of the testes from the male 
Sebright causes him to assume the plumage of the ordinary cock. ^ 
The result is the same as removal of the ovary from the hen (Good- 



ale), and theoreticall)’ due in both cases to the removal of the lutear 
cells. The complete demonstration of the above conclusion should 
be obtained by implanting in an ovariotomized hen pieces of the 
testes of a Sebright male, producing thereby the same effect as that 
produced bj* the presence of her own oxaxy. 

’Castration of the ordinary" cock does not change the character of his 
plumage. 
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In Fig. 1, two groups of lutear cells, in the wall of an egg follicle of a 
hen, are shown. In Fig. 2 three groups of lutear cells are seen between 
the tubules of the testis of a male Sebright. In Fig. 3 lutear cells in the 
regenerated testis of a Sebright male are shorai. The bird had been 
castrated but, since it did not change the character of its pliunage, 
after 6 months it was opened and this piece of testis was foimd and 
removed. In Fig. 4 a piece of the testis of a hermaphrodite bird 
described by Boring and Pearl shows a large group of lutear cells. 



Fig. 4. A group of lutear cells in a hermaphrodite fowl (from Boring and 
Pearl) . 


CONCLUSIONS. 


The experimental evidence had made clear that some substance is 
produced in the testis of the male Sebright that suppresses in him the 
development of the secondary sexual plumage of the cock of his 
species. The detection in his testis of lutear cells like those in hens 
makes the conclusion highly probable that it is these cells that cause 
the suppression of cock-feathering in both the Sebright male and in 
hens of all fowls. Genetic work by Morgan^, had shown that one 
or two hlendelian factor-differences are responsible for hen-feathering 

^Morgan, T. H., Am. Nat., 1917, U, 513; Proc. Soc. Exp. Biol, and Med., 
1915-16, xiii, 31. 
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in the Sebright. These factor-differences produce their effects 
through the testes. The presence of these genetic factors, we now see, 
causes the testes of the Sebright to produce a kind of secretorj' cell 
that is ordinarily only produced in the female, or possibly to a slight 
extent in young males (Boring), or in numbers insufficient to sup- 
press the male plumage in the testes of some ordinarj" cock birds 
(Reeves') . 

'Reeves, T. B., Anal. Rcc., 1915, Lv, 383. 
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Itnotopucieiu. -iTiieuever two suen non-iuminous soiuuons are mixea 
Eglit appears. 

On the grounds of method of preparation, relation to temperature, 
and dialvsis, I regarded photogenin as comparable to luciferase and 
photophelein as comparable to ludferin, ttN'o photogemc substances 
described by ‘Dubois’- in the beetle, PyropJioriis noclilucans, and m 
the mollusc, Pholas daciyJus. Dubois bebeves that luciferase is an 
ojddizing enzjme tvliicb oxidizes luciferin, an oxidizable substance, 
'!\-itb bgbt production. Neither luciferase nor ludferin alone in solution 
can produce bgbt but bgbt appears if solutions of the two are mixed 
and continues as long as any luciferin re m a i ns unoxidized. Dubois 
has also been able to produce bgbt by oxidizing luciferin (alone) with 
a smab crystal of KblnO^, by H2O2 (with or without blood contaming 

' Harvej', E. N ., Am. J. Physiol., 1917, xlii, 318. 

" Dubois, 1^., Cornpt, rc7id. Soc. bioLj 1S85, xxxvii, 559. 

133 



134 


PHOTOGENIC REACTION IN CYPRIDINA 


hemoglobin), BaOs, Pb02, and other oxidizing agents. Through the 
kindness of Professor Dubois I have received some material of PJwlas 
daciyhis preserved in sugar and I can confirm Ids results on the effect 
of KhlnOi and other o.xidizing agents in producing light -with luciferin 
of PJwlas. I have likevdse repeated my own experiments ivith the 
photophelein of Cypridhia using a whole series of oxidizing agents 
applied in the same vfz.y, as with the luciferin of PJwlas and, as pre- 
viously, have failed to obtain an}’- fight vdth this substance.* The 
difference in our results is, therefore, not to be referred to a difference 
in method of experiment but to a difference in the substances them- 
selves. 

I found also that if one takes a concentrated solution of photogenin 
filtered through a porcelain or silicious filter candle to remove all 
granules and cell fragments and adds to it a little saponin powder, or 
amyl alcohol or NaCl or other inorganic salt crystals or tissue ex- 
tracts of certain invertebrate non-luminous animals, that light would 
appear. Because NaCl could not possibly be oxidized by photogenin 
( = luciferase) — or any other substance — and because of my inability 
to make photophelein ( = luciferin) luminesce with oxidizing agents, 
I regarded the photogenin itself as the source of the fight and the 
oxidizable bod}’. I have compared photogenin to z}'mase and 
photophelein to the coenzyme of z}'mase, belie\’ing that we are dealing 
with a system similar to that of the enz}’me-coenz}'me system of 
yeast. Hence the name photophelein or body assisting in the pro- 
duction of light. 

* The following oxidizing agents (added .where possible, in minute crj’stal or 
powder form) all gave light with Pliolas luciferin, but no light with Cypndiua 
luciferin: KMnOj, KjCrjOz, PbO., NajOj, BaO-, MnOi, KjFe(CN)e, KiS-Og, 
Na.BiOg, and H-Oj. The following oxidizing agents gave no light with either 
Fliolas luciferin or Cypridim luciferin: K;CrO<, CrOg, KCIOj, KClOi, FeCh, 
KNOj, Cl or Br water, I in KI, Na hj^iochlorite, hypobromite, or hypoiodite, 
colloidal . 4 g or Pt, benzoyl peroxide, potato or turnip juice, or blood containing 
hemoglobin or hemoc>-anin. If H2O2 in addition to the oxidizing agent is added 
to Cypridhia luciferin, no fight appears e,xcept a faint momentary’ flash with Na 
hypochlorite and hypobromite. As this faint flash also appears with thoroughly 
boiled extracts of Cypridhia, lacking luciferin, it can have no significance. If 
HjOs in addition to the o.xidizing agent is added to Pholas luciferin the light is in 
some cases brighter than -n-ith HjOj alone. 
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I now believe that under the term photophelein I have pre\iously 
included two separate substances. One of these is the thermostabile 
dialyzing substance extracted from Cypridim by hot water. Al- 
though this substance cannot be oxidized with light production by 
oxidizing agents, it does oxidize spontaneously (also without light 
production) in the air and loses its power of produdng light with 
photogenin. In the absence of air its solutions are stabile for months. 
Once oxidized it can again be reduced and will again give light if 
photogenin is added. It is therefore an oxidizable material and, I 
believe, similar to the luciferin of Pholas. I propose therefore to use 
Dubois’ word luciferin for the thermostabile dialyzing substance of 
Cypridina in place of photophelein and luciferase for the thermolabile 
non-dialyzing substance in place of photogenin. The source of the 
photogenic substances can be designated by prefixing the name of the 
animal as Cypridina luciferin, Pholas luciferin, etc. I suggest also 
that luciferin when oxidized be designated oxyluciferin. 

Ludferin is found only in luminous animals. In non-luminous ani- 
mals and probably also in luminous animals there is a second substance 
which I have formerly included in the term photophelein, and which 
■ may be properly so called, that acts in a manner similar to saponin, 
NaCl crystals, etc., upon the extract of Cypridina which has stood 
vmtil the light disappears. WTen we allow a Cypridina extract con- 
taining luciferin and ludferase to stand, the luciferin is not completely 
oxidized, even though the extract is thoroughly aerated, but some 
of it is bound (adsorbed or combined?) by other substances in the ex- 
tract. The saponin, NaCl crj-stals, and extracts of non-luminous 
animals act by setting free the bound ludferin which is then oxidized 
and light appears. I suggest that the term photophelein be apphed to 
these substances in tissue extracts. They are not destroyed b}^ boil- 
ing. On standing some are stable while others are vmstable. 

The best way to rid a luciferase solution of the bound luciferin is 
to shake it thoroughly with chloroform. Such a solution will give no 
light with extracts of non-luminous animals or saponin, NaCl crystals 
etc., but a briUiant light with Cypridina ludferin. 

An insight into the modus operandi of saponin, NaCl crystals, or 
photophelein may be gained from the following experiments. Both 
luciferin and ludferase are adsorbed by many finely didded predpi- 
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tales and colloidal particles, such as bone-black, Fe(OH)3, kaolin, 
and others. If we take a colloidal Fe(OH)3 solution of tlie proper 
concentration (which can only be determined by experiment), add 
some dilute luciferase to it, and then after a minute luciferin, no light 
mil appear. This is because the luciferase has been complete^ ad- 
sorbed by the colloidal Fe(OH)3, for if we now add some dilute luci- 
ferase to the above mixture light will appear but it unll ver}'^ quickl3>- 
disappear because the new luciferase added is again very rapidly ad- 
sorbed, but not so rapidly adsorbed that we fail to get light at first. 
On adding more luciferase we may again get a momentarj'- light but 
the additions cannot be made indefinitely because we finally reach a 
point where the colloidal Fe(OH)3 has become saturated with luci- 
ferase and then the mixture glows for a considerable time. It is ob- 
^^ous that for this experiment to succeed there must be more luciferin 
present than can be completely adsorbed bj’^ Fe(OH)3 and so little 
luciferase present that it is completely adsorbed by the Fe(OH)3. 
Suppose we have a mixture of Fe(OH)3, luciferase, and luciferin com- 
plying mth the above conditions. Can we in any way remove tlie 
luciferase from its adsorbed condition on the colloidal Fe(OH)3? 
This might theoretically be done in two ways and we actuaU}’- find in 
practice that both methods are possible. Anything which precipi- 
tates the colloidal Fe(OH)3 will decrease the surface available for 
adsorption of luciferase and if the surface area is sufficiently de- 
creased some luciferase maj' be forced into solution again where it is 
able to oxidize the luciferin. If we add NaCl crj^stals to the col- 
loidal Fe(OH)3 -f dilute luciferase -f more concentrated luciferin 
mixture, the Fe(OH)3 is precipitated and light appears. If in place 
of NaCI crystals we add a trace of saponin, the colloidal Fe(OH )3 
is not precipitated but light also appears. This is an example of the 
second method of remoAung luciferase from an adsorbed condition; 
namel}^ b}’^ using a material (saponin) which is more strongl}'* ad- 
sorbed than the luciferase and which is able to replace it as adsorbed 
bod3^ I believe these to be the e.xpIanations of the effect of NaCl 
cr3’stals, saponin, etc., in giAung light with luciferase solutions, ex- 
cept that the luciferase is in e.xcess and a small amount of adsorbed 
(or combined) luciferin is present which is liberated b3' NaCl or 
saponin and giA’-es light AAitli ludferase. Photophelein probably acts 
in a manner analogous to the saponin. 
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I have considered the thennostabile, dialyzing substance as simi- 
lar to the luciferin oi.Pholas despite the fact that Dubois reports 
Pholas luciferin destroyed at 70°C., whereas Cypridina luciferin is only 
destroyed by several minutes boiling in an open beaker. I find that 
this destruction of Cypridiiic luciferin on short boiling is due to the 
increased rate of oxidation at the boiling point and that no destruction 
of Cypridina luciferin will occur if boiled in an atmosphere of hydro- 
gen.^ Cypridina luciferin is truly thermostabile but is oxidized to 
oxyluciferin on boiling in the air. We may say that Pholas luciferin 
is similar but certainly not identical with Cypridina luciferin. If so, 
we should expect to obtain light on mixing Pholas luciferin and 
Cypridina luciferase, yet no light appears. Neither is there light on 
mixing Cypridina luciferin and Pholas luciferase, although the Pholas 
luciferase prepared from the material which Dubois sent me gave a 
rather faint light with Pholas luciferin.® 

We have, therefore, at least three substances concerned in light pro- 
duction; luciferin, luciferase, and photophelein. Luciferin is a body 
oxidizing with light production, dialyzable, and relatively resistant to 
heat. Luciferase is destroyed by boiling, non-dialyzable, and acceler- 
ates the oxidation of luciferin. WTiile it may be used up in the re- 
action if mixed with a sufficient quantity of luciferin, luciferase has 

*I have endeavored to repeat this experiment with the luciferin of Pholas 
sent me by Professor Dubois, but without success. Pholas luciferin boiled in a 
current of hydrogen for 15 minutes would give no light when a crystal of ElilnOi 
was added. The hydrogen was produced in a Kipp generator and may have con- 
tained a little air. In m}' experience short (20 to 40 seconds) boiling of Pholas 
luciferin does not completely destroy its power of producing light when a crystal 
of KMnOi is added. 

® I believe the faint light obtained on mixing Cypridina luciferin and fire-fly 
or Noctiluca luciferase and vice versa, recorded in my former paper {Am. J. Phys- 
iol., 1917, xlii, 328) where luciferin is called photophelein and luciferase is called 
photogenin, is not due to the o.xidation of luciferin by ludferase of the second 
species but is due to the presence of photophelein. I am led to this condusion 
because the light is so faint, but carmot be sure until the cases are reinvestigated. 
The mixing of luciferin and luciferase of difierent spedes or genera of luminous 
ostracods, espedally if the colors of their luminescence differed, would shed con- 
siderable light on this interesting question of spedfidty. A non-luminous Japa- 
nese species of Cypridina does not contain either ludferin or luciferase but it does 
contain photophelein. 
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many of the characteristics of an enzjnne and certainly as much 
right to be called an enzjnne as the peroxidases of plants n’hich are 
also used up in tlie oxidation process. The Cypridina luciferase re- 
action appears to be specific to an extraordinary degree. Of man}^ 
tried I have found no substances or plant or animal extracts which 
can take the place of luciferase® nor an}'’ substances’' or plant or ani- 
mal extracts® -which can be oxidized 'U’ith light production by luci- 
ferase. The light recorded nith various extracts of luminous and 
non-luminous animals in my former paper is to be referred to the 
presence of photophelein, the third substance concerned in light 
production which probably acts by assisting the luciferin-luciferase 
reaction in the manner already suggested. Let us now turn to the 
oxidation product or products of luciferin. 

WTien luciferin is oxidized it must be converted into some substance 
or substances and I behei'e this change involves no fundamental 
destruction of the luciferin molecule, as it is a reversible process. I 

® I have tried the blood or e.xtracts of many species of animals or plants in- 
cluding those containing strong oxidizing enzj’-mes both with and without HjO" 
and have always failed to obtain light with Cypridina luciferin. Among others 
the juice of Indian pipe (Monotropa), potatoes, and turnips (containing strong oxi- 
dases and pcro.xidases), the blood of the ox and a worm {Arcnicola) (containing 
hemoglobin), the blood of the squid (Loligo), Limidus and Sycolopus (containing 
hemoc\'anin), and extracts of Climtopterns (a luminous annelid), and the mollusc, 
Unio, (rich in manganese) were tried. Dubois reports that he has obtained light 
on mi-xing Pholas luciferin with the blood of divers molluscs and marine crus- 
taceans (.4ji«. Soc. Linn. Lyons, 1913, xl). I can confirm this statement for an 
extract of Unio, but obtained no light with Limulus blood, Sycolopus blood, squid 
(Loligo) blood, or turnip or potato juice and Pholas luciferin. Ewdently Pholas 
luciferin is much more readily oxidized ■with light production than Cypridina 
luciferin. 

’’ The following oxidizable substances have been tested: ocsculin, lophin, berga- 
mot oil, pyrogallol, gallic acid, aniline, adrenalin, phenol, a-napthol, ^-phenylene- 
diamine, ortol, orcinol, hydrochinone, resorcinol, pjTocatechol, tannin, benzi- 
dine, gum guaiac, amidol, a-napthylamine, and the chromogen of the false in- 
digo plant {Baplisia). Luciferase, with or without HsOj, will not accelerate the 
•oxidative color change in any of the above compounds. 

® I have regularly obtained a fair light on mixing luciferase well shaken with 
chloroform to set free any bound luciferin and boiled potato or turnip juice or 
boiled Limidus blood. The light is cspecialh' marked about the coagulum in 
the boiled Limulus blood. The significance of these results is not apparent. 
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shaU speak of tlie principal if not the only product formed as ox>'- 
luciferin. Most obsers'ers have considered a rather fundamental 
change to occur when the photogenic substance is oxidized. Thus 
the crj'stals of xanthine or some related substance in the reflecting 
layer of the fire-fly have been regarded as the o.xidation products of the 
luminous material thought to be nucleoprotein. Dubois'* regards 
luciferin as a protein and states that it forms the same oxidation 
products as other proteins, amino-acids being mentioned as possible 
substances formed. It should be pointed out in this connection 
that the formation of amino-acids from proteins involves no oxidation 
but an hydrolysis. 

If we assume that the oxidation of luciferin changes the molecule 
but slightly, we at once think of comparing the change luciferin ^ 
ox)-luciferin with the change reduced hemoglobin o.xjhemoglobin. 
The condition is, however, not so simple as this, for oxyhemoglobin 
will again give up its ox}-gen pro\-iding the partial pressure of oxygen 
is sufficiently low, whereas oxj-luciferin will not do this. We cannot 
reduce oxjduciferin solution by exhausting the ox>'gen with an air 
pump. 

There is another oxidation reduction system which can also be 
easily" reversed, but not by merely remoxing the oxj'gen — that is the 
reduction of a dye such as methylene blue to its leuco base. I be- 
lieve the change which occurs when luciferin is oxidized is similar 
to that which occurs when the leuco base of methylene blue or sodium 
indigosulfonate is oxidized to the blue dj^e. 

My attempts to reduce the oxidation product of luciferin started 
from the obserx'ation that if one places a clear solution of luciferase 
in a tall test-tube, although it may give off no light at first when 
shaken, after standing a day or so a very bright fight would appear 
on shaking. This was especially true when the luciferase had be- 
come turbid and ill smelling from the growth of bacteria. Thinking 
that the bacteria produced a substance which could be oxidized by 
the luciferase, I tried growing bacteria and also yeast on appropriate 
culture media and after some days of growth mixing the culture media 
containing the products of bacterial or yeast growth with luciferase, 

’Dubois, Ann. Soc. Linn. Lyons, 1914, in, 169. 
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expecting to obtain light. But no light appeared. However, if a 
little crude luciferase solution was added to the bacterial or yeast 
cultures and then allowed to stand for some hours, light appeared 
whenever they were shaken. Indeed such cultures behaved much as 
a suspension of luminous bacteria which has used up all the oxygen 
in the culture fluid and will only luminesce when, by shaking, more 
oxygen dissolves in the culture medimn. Realizing that in bacterial 
cultures in test-tubes anaerobic conditions soon appear, and also the 
strong reducing action of bacteria upon many substances (for instance 
nitrates or methylene blue) under anaerobic conditions, it occurred to 
me that the bacteria might be utilizing the oxygen of the oxidation 
product of luciferin, reducing it to luciferin again. We must remem- 
ber that since crude luciferase solution is a cold water extract of a 
luminous animal allowed to stand until all the luciferin has been oxi- 
dized, it must contain oxyluciferin as well as luciferase and wiU give 
light if the oxyluciferin is again reduced and oxygen admitted. This 
appears to be the correct explanation of the above experiments. 

Not only bacteria but also tissue extracts have a strong reducing 
action in absence of oxygen. Thus, muscle tissue stained in methylene 
blue will very quickly decolorize (reduce) the methylene blue if ox}’’- 
gen (air) is kept away, but the blue color immediately returns if air is 
admitted. Oxyluciferin, i.e. a solution of luciferin which has been 
completely oxidized by boiling or standing in air imtil it no longer 
gives light vuth luciferase, if mixed with a suspension of ground frog 
muscle and kept in a well filled and stoppered test-tube for some 
hours, is reduced to luciferin and gives a bright light if now poured 
into luciferase solution. Frog muscle suspension alone or oxjduci- 
ferin alone gives no light with luciferase, nor vdll a mixture of frog 
muscle suspension and oxyluciferin, if shaken with air for several 
hours. Only if this last mixture is kept under anaerobic conditions 
is the oxjduciferin reduced. 

The reducing action of tissues is said to be due to a reducing enzjune 
(reducase or reductase), itself composed of a perhydridase and some 
easily oxidized body such as an aldehyde.*® In the presence of the 


*®Bach, A., Biochcm. Z., 1911, xxxi, -443; xxxiii, 282; 1912, .xxxviii, 154; 1913, 
lii, 412. 
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perhydridase the ox>'gen of water oxidizes the aldehyde and the hy- 
drogen set free reduces any easily reducible substance which may be 
present. There is a perhj'dridase in fresh milk, spoken of as Schard- 
inger’s enzjmie," which is destroyed by boiling. If some aldehyde is 
added, fresh milk will reduce methjdene blue to its leuco base or 
nitrates to nitrites, upon standing a short time. If shaken with air, 
the blue color rettnns. There is no reduction unless an aldehyde is 
added or unless some boiled extract of a tissue such as liver is added. 
The boiled liver extract has no reducing action of its own but supplies 
a substance similar to the aldehyde which has been spoken of as a 
coenzjTne. hlilk will reduce methylene blue without aldehyde if 
bacteria are present in large ntimbers. There is also no reduction if 
the milk, methylene blue, and aldehyde are agitated with air. The 
temperature optimmn is rather high, 60-70°C. 

I find that milk is a favorable and convenient medium for the re- 
duction of oxyludferin and that it acts without the addition of an 
aldehyde or the presence of bacteria. There is probably a substance 
acting as the aldehyde in the luciferase-oxyluciferin solution. No 
light appears if milk is added to a luciferase-oxyludferin solution, 
but if the mixture is allowed to stand in absence of oxygen, light will 
appear when air is admitted. The air can be conveniently kept out 
by fining small test-tubes completely with the solution and closing 
them with rubber stoppers. 

Oxyludferin may also be readily reduced by the use of the blood of 
the horseshoe crab {Liviuhis) allowed to stand until bacteria develop.^ 
This experiment is of spedal interest because the blood contains hemo- 
cyanin which is colorless in the reduced condition and blue in the oxj'- 
condition. The color change thus serves as an indicator of the oxj^gen 
concentration in the blood. A sample of foul smelling Limulus 
blood full of bacteria will become colorless on standing in a test-tube 
for 10 or 15 minutes but the blue color quickly returns if 
with air . Such a blood has the power of reducing oxj'luciferin through 
the actidty of the bacteria which it contains. Fresh blood has ve^ 
little if any redudng action. 

‘‘Schardinger, F., Chan. Ztg., 1904, xxviii, 704. 

Alsberg, C. L., J . Biol. Chem., 1915, ssiii, 495. 
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As almost all animal tissues contain reductases, it is not surprising 
to find that a freshly prepared and filtered extract of Cypridina con- 
taining oxyluciferin and luciferase which gives no light on shaking, 
will, on standing in a stoppered tube for 24 hours at room tempera- 
ture, give light when air is admitted.** WTiile this may be due to 
the development of bacteria nith a reducing action it does not seem 
likely, as under the same conditions methylene blue is not reduced 
in 24 hours and there is no turbiditj-- or smell of decomposition in the 
tube. In 48 hours bacteria do appear and methylene blue is also 
reduced. If we add chloroform, toluene, or thymol to the tubes of 
Cypridina extract to prevent the growth of bacteria, and allow them 
to stand 48 hours, upon admitting air the tube with chloroform gives 
no light but the tubes with toluene and thymol do give light although 
it is not so bright as if they were absent. I believe that these sub- 
stances have a destructive action on the reductases, most complete in 
the case of chloroform. 

I have not been able to demonstrate that a Cypridina extract will 
reduce methylene blue or nitrates to nitrites either with or without 
the addition of acetaldehyde. This may be due to the fact that o.x)’-- 
luciferin, which is also present, may be reduced more readily than 
either nitrates or methylene blue and so is reduced first. 

Dubois** has described in PJwlas a precursor of luciferin, which he 
calls proluciferin, which is converted into luciferin by another en- 
zyme, coluciferase. The proluciferin is not de5tro3'^ed by boiling and 
the coluciferase will withstand a higher temperature than luciferase 
and may be freed of luciferase in this manner. He cites an experi- 
ment** to prove the existence of proluciferin and coluciferase in Pholas 
but I have been unable to repeat this nith Cypridina. One might 
suppose that on allondng an extract of Cypridina (luciferase) to stand 
in absence of oxj'gen, some proluciferin, assuming this to be present, 
would be converted into luciferin which would give light if air was 
admitted. But we can allow a boiled extract of Cypridina (contain- 
ing no coluciferase) to stand nith milk or muscle tissue suspensions 

** This experiment may also be performed with Pholas luciferase with a simi- 
lar result. 

** Dubois, Compl. rend. Soc. Mol., 1907, Ixii, 850; 1917, Lx.xx, 964. 

** Dubois, Cornpt. rend. Soc. Mol., 1917, Ixxx, 964. 
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in absence of ox}-gen and, upon admitting air and adding luciferase. 
obtain light. As luciferase is only found in luminous animals it does 
not seem likely that a coluciferase would be widespread but we do 
know that a reducing enzjTue occurs in milk and tissue extracts is, 
in fact, widespread. It seems more logical to interpret the above 
experiments as due to the reduction of an oxjduciferin to luciferin 
rather than the conversion of a proluciferin to luciferin. 

Indeed, we can reduce oxyluciferin by means which do not involve 
the use of animal extracts and consequently are free from the ob- 
jection that “coluciferase” may be responsible for the result, but 
which, nevertheless, are perfectly well knonm reducing methods. 
Perhaps the best of these is reduction by palladium black and sodium 
hj-pophosphite. The latter is oxidized in presence of palladium and 
nascent hydrogen is set free.*® The nascent hydrogen reduces any 
easily reducible substance which may be present, such as methylene 
blue or oxjduciferin. Ox\dudferin is not reduced by palladium 
alone or hj^pophosphite alone but methylene blue is reduced by palla- 
dium black alone. 

If hydrogen sulfide is passed through a solution of methylene blue 
the dye is verj^ quickly reduced and becomes colorless. If the HsS 
is driven ofi by boiling the colorless methylene blue solution, the blue 
color again returns on cooling. Oxyluciferin can also be reduced to a 
certain extent by H;S. Sulfur dioxide or oxides of nitrogen prepared 
by the action of HNO 3 on Cu) had no reducing action on either 
methylene blue or oxjduciferin. 

Dilute acid favors the reduction of oxyluciferin. If one saturates 
an oxjduciferin solution with CO- or adds a httle dilute acetic acid 
and allows the solution to stand for 24 hours, a certain amount of 
reduction ■nfll occur. No reduction occurs if the solution is saturated 
nith pure hydrogen and allowed to stand 24 hours. If one adds some 
hig powder to oxyluciferin and then dilute acetic add in successive 
additions as the acetic add is used up in formation of Mg acetate, 
the o.xyludferin nill be reduced relatively quickly. Nascent hydro- 
gen is produced in the reaction and is no doubt the active reducing 
agent, while the acid accelerates the reduction. Soured mi lk also has 

*®Bach, Ber. chan. Ges., 1909, .xlii, 4463. 
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quite a marked reducing action. Acid thus favors reduction and 
hinders oxidation, while alkali favors oxidation and hinders reduction 
of the oxyludferm. 

^^Tiile I have not studied the properties of o.xyludferin so fully as 
those of luciferin, as far as I can judge both substances give the same 
general reactions and possess identical properties. If we make a con- 
centrated hot water extract of Cypridina, it will contain all the sub- 
stances of the animal soluble in hot water and not coagulated by heat 
and may be spoken of as crude luciferin solution. If air is bubbled 
through this solution for some time, all the luciferin is oxidized and 
it may then be spoken of as crude oxyluciferin solution. Both crude 
luciferin and crude oxjduciferin solution are yellow in color, but I do 
not believe that either luciferin or oxyludferin is yellow in color be- 
cause an ether or benzene extract of Cypridina is also yellow although 
luciferase, luciferin, and oxyludferin' are all insoluble in ether and 
benzene. The yellow pigment which can be observed to make up 
part of the luminous gland of Cypridina is not luciferin or ludferase. 
It may be a pigment related to urochrome. 

When tests are applied and precipitating reagents are added to crude 
luciferin and crude oxyluciferin solution they give identical results in 
each case. Thus if crude ludferin is saturated with (NH4)2S04 or 
MgSO^, a flocculent predpitate forms which may be demonstrated to 
contain most of the ludferin. Oxjduciferin solution also gives 
flocculent precipitates on satiuration with (NH4)2S04 and MgSOi and 
these contain most of the oxyluciferin. To demonstrate this the 
predpitates, after washing, are dissolved in a small amount of water 
mixed with fresh milk (or frog muscle suspension) and allowed to 
stand in a stoppered tube for 24 hours. If any oxjduciferin is pres- 
ent it will be reduced to luciferin and give light when luciferase is 
added. One-half saturation with (1^4)2804 or MgS04 or saturation 
iritb NaCl salts out no material from either crude luciferin or oxyluci- 
ferin solution. Picric acid gives no predpitate but only an opales- 
cence in both cases. In a similar manner it may be shonm that most 
of the oxyludferin is precipitated by phosphotungstic acid but not 
by acetic acid or CO2, in this respect also agreeing vdth the behavior 
of luciferin. Like ludferin the oxjduciferin will pass porcelain fil- 
ters, dialyze through parchment or collodion membranes, is soluble 
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in absolute alcohol but not in ether or benzene, and is undigested by 
salivary diastase, pepsin HCl, Merck’s pancreatin in neutral solution, 
and erepsin. The salivary diastase and the pancreatin (containing 
amylopsin, trj^sin, and lipase) were allowed to digest for 4 days at 
.38°C. without showing any e\‘idence of digestive action. Oxyluci- 
ferin is partially but not completely precipitated b}' basic lead acetate 
and tannic acid. 

As luciferin is so easily oxidizable a substance, we should e.vpect to 
find that it will reduce just as glucose will reduce. However, a con- 
centrated solution of luciferin has no reducing action on Fehling’s 
(alkaline Cu), Barfoed’s (acid Cu), Nylander’s (alkaline Bi), or 
Knapp’s (alkaline Hg) reagent. Glucose will reduce methylene blue 
in alkaline (not in neutral) solution but luciferin will not reduce 
methylene blue in alkaline or neutral solution. It would seem, then, 
that luciferin must contain no aldehyde group. If so, we should ex- 
pect to obtain reduction of some of the above reagents. Just what 
group is concerned in the oxidation is rmknown at the present time and 
speculation regarding it in the absence of more experimental data can 
be of little value. 
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I. Prdmviary Stalcment. 

TFe seiisiti\dty of dona inlestinalis to light furnishes an unusual 
opportunity for analysis of the receptor process occurring in the sense 
organ. ' This is because a sudden increase in illumination produces a 
Yugorous and clear cut response on the part of the animal. Such a re- 
action to a source of stimulation, -which in itseK may be measured 
accurately and controlled with comparative ease, makes the sensory 
behaY-ior of dona amenable to a strict, quantitative treatment. My 
experiments were therefore concerned, first, with the localization of 
the photic sense organs, and second, with variations in the magnitude 
of the stimulating agent under conditions calculated to throw light 
on the nature of the sensory process. 

The species used is identical with the dotia inlestinalis common in 
the Mediterranean Sea and along the European coast (Ritter and 
Forsyth, 1917J. At San Diego, California, it is to be found in enor- 
mous numbers attached to piles, and forming thick carpets on the 
imder side of floats. In fact, the hundreds of individuals employed 
were all taken from a single float in San Diego Bay.^ 

II. Photic Sense Organs. 

1. dona possesses two qualitatively different means of reacting to 
light. In one case the response is a general one, involving the or- 
ganism as a whole. In the other the acti\-ity is confined to the lo- 

' My thanks are due to the Scripps Institution for enabling me to come to the 
station at La Jolla, and to the director. Dr. Wm. E. Ritter, and his staff for the 
many courtesies extended to me during m 3 ’^ stay. 
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cality which receives the stimulation. I shall describe the latter 
first because of its comparative insignificance in the experiments to 
be presented. 

The body of Ciom may be roughly divided into three parts: an an- 
terior region occupied b5>- the siphons and extending below the inter- 
siphonal neural mass; a posterior region containing the %nscera and 
reproductive organs; and a middle region composed in the main, of 
the translucent branchial sac. The posterior region is practically 
insensitive to light. The anterior region, with the notable exception of 
the area around the neural mass, is similarly insensitive. The middle 
portion, however, is quite responsive to photic stimulation. 

Light focussed on different parts of this area resulted in a purely 
local contraction of the circular and longitudinal muscle fibers. 
Wffien a part of this area on one side was exposed to light, the animal 
curved on its long axis toward the exposed side. repeatedly ex- 
posing first one side and then the other to this local stimulation, the 
animal could be made to curve back and forth at will. A similar 
motion was secured by alternately exposing the dorsal and ventral 
edges of an animal. As a result, it would smng back and forth, 
dorsally and ventrally, subject to the frequency of stimulation. 

This sensitivity persists in its original strength after the intersi- 
phonal ganglion has been removed, showing its independence of cen- 
tral control. That we are not dealing here vith a case of direct 
stimulation of the muscular tissue (Parker, 1916) is shown by its be- 
havior under chloretone anesthesia. I^ffien a Ciona is placed in a 
solution of chloretone in sea water it loses this local photic sensitimty 
simultaneously ivith its irritability to touch and to another type of 
light stimulus which will presently be shown to be imdoubtedly medi- 
ated by a ner\''ous mechanism. In all probability there is present 
here a neuromuscular complex similar to the nerv^e net of lower in- 
vertebrates, which is sensitive to light. E\idence for the existence 
of such a nerve net has already been presented by Jordan (1908) 
on the basis of his work on the mechanical stimulation of Ciona. 

2. Under ordinary conditions of experimentation, this sensiti\dty 
and its local response are entirely masked by the other, more general, 
reaction to light. \\’hen a Ciona as a whole is exposed to a source of 
illumination, it reacts by a -^dgorous retraction of its siphons (Nagel, 
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1SQ6'\ If tlie intensity of tlie stimulus is great, this may be accom- 
a of 40 animal on its I<mg asis. 

reSe-t has already become famUiar duo to the work of Loeb (190.) 
Ind of Jordan (1908) among others (see Hecht 1918. i) cspecallj m 

its relation to the removal of the ganglion of C,o»u. 

It is the response of Ciona by meatis of the retracting reflex that 

forms the basis of the cjperiments which toflow. ^ 

3. The orange or red pigment spots on the nms of the siphons are 
a prominent characteristic of ascidians. Cicm possesses eight on the 
oral rim and sLv on the atrial. These pigmented masses have been 
rolled ocelli on the assumption that they are the photoreceptors of 

Experiments designed to ascertain the location of the photic sense 
organs shorved that the anterior pigment spots rvere not sensitive to 
lifrht A beam of light focussed upon them failed to produce the 
characteristic reaction, hloreover, their complete removal in no 
•way interfered -with the sensitixdty of the animal. The protocol of 
Anim al 25.1 givcs the details of such an experiment. 

Animal 25. U 

Time. 

11 .00 In dark room. . 

2.25 Exposed to Ught, 120 candle power, reaction time 3 .o se^ 

2 35 « << 120 “ “ “ “ 3.3 

2 . 4 I “ “ “ 120 “ “ “ “ 3.3 “ 

2.50 Dirty translucent test of animal removed. 

4.30 Exposed to light, reaction time 1 . / sec. 

^ 3 - » <• » “ “ 1.4 

4 44 ■' “ “ “ “ 2.2 

4.50 Rims cut away to remove the ocelli of both siphons. 

7 .41 E.xposed to light, reaction time 1-4 sec. 

•j « « “ “ 1.6 “ 

8.00 “ “ “ “ “ 3.0 

10.00 “ “ “ “ “ 


Of fourteen animals operated in this way, two were killed acci- 
dentally. The remaining twelve all gave the same results as the one 
presented in detail. It is clear, therefore, that these pigment spots 
are not photoreceptive organs (cf. Hecht, 1918, h). 

It has already been sho'wn that although the general body surface 
is sensitive to light, the resulting actixdty is a purely local one. Gen- 
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era! body sensitivity could not therefore account for the retraction 
reflex. By exploring the body vith a small beam of light, I found that 
the seat of this photic sensitivity was in the small area occupied b}’-the 
intersiphonal ganglion and its related structures. Tiflien light was 
focussed on this spot alone the reaction given by Ciona was in all 
particulars the same as when the animal as a whole was illuminated. 
No other region of the bod)'^ possessed this property. As an example 
of many similar experiments the record of Animal 30.5 is given. 


Animal 30 J. 


Time. 

Part stimulated. 

Reaction time. 

11,40 

Entire body. 

Bee. 

13.1 

11.45 

Oral ocelli. 

No reaction. 

11.50 

Ganglion region. 

5.0 

11.58 

it it 

5.2 

1.57 

it tt 

5.8 

2.08 

Atrial ocelli. 

No reaction. 

8.15 

Ganglion region. 

4.8 


It wiU be noticed that the reaction time to stimulation of the 
ganglionic region is less than for the exposure of the entire body. 
This is because the light used for spotting the ganglion region was con- 
centrated to a small area by means of a lens. It will be shown pres- 
ently that the reaction time varies inversely as the intensity of the 
light. 

It is difficult to say which of the several organs composing the 
neural mass contains the photoreceptors. Experiments with the 
opaque Ascidia atra of Bermuda (Hecht, 1918, b) have shown that its 
photic sensiti\nty may be demonstrated only by stimulating the dorsal 
wall of the inside of the oral siphon below the ring of tentacles. This 
corresponds to the position of the dorsal tubercle, a structure which, 
in dona, is closely affiliated with the ganglion. However, though I 
performed many operations invohdng the removal of the entire neu- 
ral mass, as well as only portions of it, the results were of rather 
doubtful interpretation. 

The difficulty probably lies in the fact that a disturbance in the 
integrity of the neural complex interferes with the conduction of im- 
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pulses in this region (Frohlich, 1903). Consequently it 
sible to make a finer localization of the sense organs responsible for 
the olral photic reaction. The presence of the sense organs m 
defiMtely circumscribed region of the Ueural mass, however is de- 
risive and clear cut. In a medium sized inMual this struc ure 
occupies a volume of about 1 cc. or less. In addition it should be 
pointed out that this area of sensitivity is colorless and contains no 
apparent pigment of any kind (cf. Wenrich, 1916, p. 306). For the 
most part the structures are transparent; the ganghomc mass itself, 
however, is glistening wMte. 


III. Analysis of Reaction Time. 

1. The appearance of the retraction reflex as a result of photic 
stimulation possesses one verj^ important property. This is the pres- 
ence of a reaction time representing the inter\'al from the beginning 
of the exposure to light up to the moment when the retraction takes 
place. This interval may be measured accurately with a stop-watch, 
first, because it is of rather long duration, and second, because the 
appearance of the retraction reflex is sudden and clear cut. 

The reaction time of any indi\ddual dona to a given intensity of 
light shows almost no variations from a constant quantity. In Table 
I are ^ven the reaction times of three animals to the same intensity 
of light taken at different times of the day. "'iSTien not exposed to the 
light, the animals were aU kept in a dark room. From these figures it 
M-ill be seen that the reaction time represents a quantity which may 
be reproduced under a given set of conditions. 


TABLE I. 

Light Intensity, 4,880 Candle Meters. 


Animal 3.1 

Animal 32 

Animal 3-3 

Time. 

Reaction time. 

1 Time. 

Reaction time. 

Time. 

' Reaction time. 


zee. 


sec. 


zee. 

1 .56 

2.8 

1.57 

1.9 

1.59 

3.6 

4.27 

3.2 

4.28 

2.1 

4.30 

3.9 

9.12 

2.9 

9.14 

2.0 

9.15 

3.5 
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2. Before this study had proceeded very far it became clear that the 
reaction time could not be reduced below approximately 1.5 seconds. 
No matter how intense the stimulating light, this interval was always 
maintained. To explain this, I adopted the prowsional hypothesis 
that the reaction time was not a simple inter\"al but that it contained 
at least two components. This indeed, was soon found to be true, 
when experiments were made to determine how much of the reaction 
time was actually devoted to the reception of the photic stimulus and 
how much was concerned with a real latent period. 

By exposing an animal for a shorter time than its reaction time, an 
interval was found during which it was not necessary for Ciona to be 
illuminated. At the end of this interval it reacted as usual although 
at the time of reaction, like the hydroids used by Loeb and Waste- 
neys (1917), they were in the dark. The reaction time is therefore 
composed of two parts. The first is a sensitization period during 
which Ciona must be exposed to light. The second is a latent 
period during which Ciona need not be illuminated in order to react 
at the end of the period. With a little practice the sensitization period 
coiild be related to within 0.2 second. An example is given by 
Experiment 8.6. 


Experiment 8.6. Light Intensity, 743 Candle Meters. 


Time. 

Time exposed. 

Resctloa time. 


9ec, 

se£. 

8.34 

3.6 

3.6 

9.18 

3.5 

3.5 

10.00 

2.0 

3.5 

10.35 

1.0 

No reaction. 

10.58 

1.5 

tt <C 

11.32 

1.5 

<C t< 

12.02 

2.0 

3.7 

1.19 

2.0 

3.4 


Result: Sensitization period = 2.0. Latent period =1.5. 


With the duration of the sensitization period we shall be concerned 
later, because it varied with the intensity of the light. The latent 
period, however, showed itself to be a constant quantity under con- 
siderable variations in intensity. A series of 53 determinations of 
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the latent period of nineteen animals gave 1.76 seconds as the aver- 
age duration of tliis portion of the reaction time. 

3. The latent period must include the time for transmission of the 
stimulus and kindred phenomena. There is e’vddence to show, how- 
ever, that a great portion of it is concerned with a process occurring 
in the sense organ itself, as is shown in Experiment 9.4. 


Experiment 9.4. Light Intensity 4,SS0 Candle Meiers. 


Time. 

Time exposed. 

• Rcactioa time. 


tu. 

tcc. 

1.31 

2.4 

2.4 

2.31 

2.3 

2.3 

2.53 

0.2 

No reaction. 

0.24 1 

0.5 

7.6 

3.41 

0.8 

3.6 

3.47 

1.0 

2.8 

4.22 

1.0 

2.3 

4.43 

2.1 

2.1 


It "will be seen that, within limits, the shorter the exposure time 
(sensitization period) the longer the reaction time, and consequently 
the latent period. The latent period in the main must therefore take 
place in a locality where it may be immediately influenced by the 
ammmt of light energ>’- received. This would indicate that it is the 
outward manifestation of the duration of a process within the sense 
organ itself. 

4. The existence of a latent period of nearly 2 seconds is hardly 
to be considered as an advantage to the life of the species. The ordi- 
nary daylight of southern California is deleterious to Ciona. The 
animals die very soon in an aquarium in diffuse daylight, llheii 
placed near a window they contract and perish in a day, whereas ic 
a dimly lighted room or in the dark they remain in excellent conditior 
for a week or more. They are normally found on the under side ol 
floats. 

The comparatively long delay in responding after a sufficient 
stimulus has been received cannot thus be of assistance to the ani- 
mal in its response to a noxious stimulus. It must therefore bt 
attributed to the duration of a chemically necessarj^ process occurring 
suggested, in the sense organ. 
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IV. Effect of Intensity. 

1. In order to study the effect of different intensities of light on 
the duration of the sensitization period, a single source of light was 
used. This was a Mazda lamp of 120 candle power. By keeping 
it at different fixed distances from the animal, six intensities were 
secured, as given in Table II. 

Ten animals var 3 'ing in size from 3.5 to 10.5 cm. were used for this 
experiment. It ma}* be said at once that no difference in sensitmt}’' 
was found for individuals of different size. The reaction time of 
each animal to each of the six intensities of light was determined 
three times; thus, eighteen observations were made on each animal. 

TABLE n. 


1 

2 

3 

4 

Intensity (f)* 

Reaction time. 

Sensitization penod (0 . 

txi 

ccndlt mtters 

sec. 

sec. 


521 

11.25 

9.49 

4,944 

743 

8.89 

7.13 

5,298 

1,180 

5.98 

4.22 

4,980 

2,080 

3.59 

1.83 

3,806 

4,880 

2.72 

0.96 

4,685 

9,920 

2.24 

0.48 

4,762 


4,746 



The determinations were purposely scattered over a period of 12 
hours so that any fatigue effects would be avoided. In Table II, 
Column 2, are given tire average values for the reaction times of 
the ten animals. Each figure represents an average of 30 determi- 
nations. In addition the data are plotted in Curve A of Fig. 1. From 
both these sources it is apparent that the reaction time varies in- 
versel)’^ as the intensit 3 c In Column 3 are given the values for the 
sensitization periods corresponding to the different reaction times. 
These were calculated b 3 ’' subtracting the duration of the latent 
period, 1.76 seconds, from the reaction time values. 

2. On the supposition that the sensiti\'it 3 '^ of Ciona depends upon a 
photochemical reaction, the relation between the intensit 3 ’- of the 









SELIG 3IECHT 


155 


light and the sensitization period should be expressed by^ the re- 
dVocity law as found by Bunsen and Roscoe (1862). This states 
that for a given photochemical effect (£) a definite quantity of 
energ}' is required, and this same result is obtained whether the in- 
tensity (7) is high and the exposure (/) short or conversely. In 
other words, 


£ = fc. J.< (1) . 


The applicability of this law has been demonstrated by Blaauw 
(1909) and by Froschel (1909) for the photic reactions of some plants, 
and by Loeb and his coworkers for the orientation of several spedes 
of animals. In Ciom, its existence would be demonstrated if the 
product of the intensity and the sensitization period were a con- 
stant quantity. In Column 4 of Table n are given the values ob- 
tained. It will be seen that the figures agree well with one another 
and with the average value. 

The matter may be illustrated graphically. The equation repre- 
senting the Bunsen-Roscoe law may be written 

^ = ( 2 ) 


In this form, it represents the equation of a straight line. Since, in 
£ 

Cioua, E is constant, — may be represented by the redprocal of the 
t 


sensitization period, and the relation between this quantity and the 
intensity should be represented by a straight line. Such indeed is the 
case, as shown b^'- the position of the points in Curve B of Fig. 1. 

3. In terms of the processes that go on in the sense organs, the 
applicability of the reciprodty law means that during the sensitiza- 
tion period the light must form a constant quantity of a substance 
before it can produce its stimulating effect. Undoubtedly this in- 
volves the conversion of a photosensitive substance into something 
else which acts as an “iimer stimulus.” hlany such photosensitive 
substances are weU known and have been studied with considerable 
care (Sheppard, 1914). 

With a more precise presentation of the djmamics of the photo- 
chemical reaction in dona we shall deal in a following section. At 
present, however, I wish to emphasize a corollary to the fact that the 
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photic reaction proceeds according to the Bunsen-Roscoe rule as in- 
dicated in equation (1). It is, that, with a given intensity of illu- 
- mination, the sensitization period indicates the quantity of stimulus 
received by the animal. The photochemical effect (E) vdll vary -with 
the duration of the exposure (/) when the intensity (I) is constant. 



Fig. 1. Curve A gives relationship between- intensity of light and reaction 
time of dona. This curve is an hyperbola as is shown by Curve B representing 
the relation between the reciprocal of the sensitization period and intensity. 


The reaction time at any moment may therefore be used as a measure 
of the amount of photochemical effect necessary in order to act as a 
stimulus in the sense organ. In this way we may investigate the 
sensimdty of Gona tmder different conditions in order to gain a 
clearer insight into the photochemical process which underlies it. 
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the curve represent the averages of tiie reaction time of two indi- 
Auduals which were used in this particular experiment. 

At any given point, the duration of the reaction time (really of tlie 
sensitization period) measures the quantitj’’ of light energ)’- required 
by the photochemical S3'stem to produce a response of Cioiia. In 
terms of the Bunsen-Roscoe law tliis, in addition, measures the pho- 
tochemical effect, and consequently the amount of photosensitive sub- 
stance which must be changed before tlie retraction reflex can be 
elicited. The curve in Fig. 2 shows this quantity to be at first large, 
then smaller and smaller. At the end of the process of dark adapta- 
tion it becomes constant at its minimal value. The interpretation of 
these changes utU be considered in the photochemical S3'stem now 
to be presented. 

VI. Nature of Photochemical System. 

1. The decomposition of a photosensitive material by light presup- 
poses the formation of such a substance and its deposition within the 
sense organ. The nature and d3mamics of the formation and decom- 
position of tlie photosensitive material must be consistent with the 
four phases of the photic beha^^or of Cioita. First, it must explain 
the ability of dona to come to sensor3- equilibrium in an3'' intensit3’- 
of light. Second, it must be dear wh3' under given conditions the 
reaction time to a definite increase of illumination is constant. Third, 
tlie process must be consistent isith the Bunsen-Roscoe rule for the 
relation between intensit3''' and sensitization period. Fourth, it must 
indicate the basis of the regular change in the reaction time that 
occurs during dark adaptation. 

2. The simplest assumption which will account for all the phe- 
nomena observed is that we are dealing here with a reversible chemical 
reaction. A photosensitive material (5) is formed from its precursor 
(P), the reaction being of the first order and following the ordinar3'’ 
laws of such processes. It ma3’’ be of a higher order, but tlie assump- 
tion is made for the sake of simplicit3'. The action of light upon the 
photosensitive material {S) is to change it back into its precursor (P). 
In accordance vdth current photochemical knowledge such a reaction 
vill follow the Bunsen-Roscoe rule. A reaction which in many re- 
spects resembles the S3^stem suggested here, is the conversion of 
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anthracene into dianthracene by light, and its reversal in the dark 
(Sheppard, 1914, p. 214). 

Let us consider the reaction which occurs normally, and of course 
in the dark, and which is supposed to regenerate the photosensitive 
material from its precursor (P-^S). The cun*e in Fig. 3 indicates 
the process on the basis of the ordinary velocity curves for chemical 
reactions. The formation of the photosensitive material (ordinates 
at the right) proceeds at first rapidly, then it loses speed gradually, 
and finally it reaches a point of equihbrium which represents a defimte 
ratio between the concentration of the sensitive material and its pre- 
cursor. The important thing to be noticed in the cur\'e is the change 



Fig. 3. Hj'pothetical cun’e of reaction P — > S based on data of Fig. 2. 

in the quantity of precursor (ordinates to the left) during the reaction. 
At first the amoimt of this substance is large, then it decreases rap- 
idly, then more slowty, and finally it reaches a constant TniniTrmTn 
On comparing this rate of change with the one undergone by the re- 
action time during dark adaptation it is seen that the two run quite 
parallel. It has been assumed that the action o£ the light during the 
sensitization period causes the photosensitive material to be changed 
into its precursor. This means that the variation in the amount of 
the precursor formed at the successive reactions during dark adapta- 
tion is in general similar to the change in the amount of precursor 
still unused in the chemical reaction. From the relationship between 
these two variables we must conclude that, in order to act as a stimu- 
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lus in tlie sense organ, the quantity of precursor formed by the stimu- 
lating light bears a definite ratio to the amount already present. As 
a matter of fact the curve in Fig. 3 is not a theoretical one, but was 
actually constructed from the data of Fig. 2, on the assumption that 
the ratio between the precursor formed and the precursor already 
present is as 1 : 10. The fact that it resembles the ordinary velocit}'" 
curves for chemical reactions strengthens the force of the above 
explanation. 

The necessity for the acquisition of a constant ratio between pre- 
cursor formed and precursor present, before stimulation can occur, is 
essentially the requirement of the Weber-Fechner concept. This 
states that the amount of stimulus necessary to produce a perceptible 
increase in sensory effect represents a constant fraction of the quan- 
tity of stimulus that has previously been applied. WaUer (1895) has 
already shown that the Weber-Fechner law is dependent upon the 
processes that go on in the sense organ and not in the transmitting 
mechanism or in the central nervous system. 

3. It is necessary now to show how the photochemical system sug- 
gested above can account for the sensory phenomena in Ciona. The 
investigations of such reversible reactions as proposed here, in par- 
ticular the work of Luther and Weigert (1905) on the polymerization 
of anthracene by ultra-violet light, give us some idea of the processes 
occurring in our reaction system: 

“daik” 

P S 

light 

The stable condition is that of the sensitive material ^ in the dark. 
Starting with the precursor P in the dark, it changes spontaneously 
to 5'. Light converts S back into P. However, because the re- 
verse change, P-*S,. is independent of light, it vdll be resumed as 
soon as some P has been formed by the light. Moreover, the more 
precursor (P) that is formed by the light, the greater will be the rate 
at which the photosensitive substance will be formed. This follows 
from the ordinary mass action principle. At a given intensity of 
illumination the two reactions wiU proceed in opposite directions at 
an equal rate, and a “stationarj' condition” simulating a chemical 
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order to act as a stimulus the amount of it to be formed by the light 
must bear a constant ratio to the amount of DS already present in 
the system. Reaction -(2) removes the decomposition product from 
the reaction system. It possesses the same velocity and properties 
as the “dark” phase of the reversible reaction system presented be- 
fore. Its occurrence is represented by the process of dark adaptation 
shown in Fig. 2, and its course is given by the curve in Fig. 3 in 
which P represents DS and 5 represents M. ■ 

WTiich of the two suggested photochemical systems comes nearer 
the truth future work must decide. The present data may be ex- 
plained in terms of either. The simpler one is therefore provisionally 
adopted. 

VII. Repeated Stimulation. 

1. There are several predictions which may be made on the basis 
of the hypothetical chemical system which has been proposed. My 
stay at La JoUa, however, limited me to an investigation of but one of 
these. 

We have seen that the “dark” reaction {P-^S) is a comparatively 
slow one, requiring several hours to reach an equilibrium. There- 
fore, if a thoroughly dark-adapted Ciona is stimulated by light at 
short intervals, say every minute, practically no new photosensitive 
material will be regenerated during a period of about 10 minutes. 
The quantity of precursor however will be continually increased, de- 
pending upon the duration of the exposure to light. This follows from 
the Bunsen-Roscoe rule which has been shown to apply to Ciona. 
The quantity of precursor necessary to stimulate must be a constant 
fraction of the amount of precursor already present. Therefore, dur- 
ing such a series of regular stimulations, the amount of precursor re- 
quired must be larger at each succeeding reaction. The rate of in- 
crease in the amount of precursor will be logarithmic, each quantity 
representing the same fraction of the sum of the quantities that have 
been formed before. The sensitization period measures the quantity 
of precursor formed at each reaction. Therefore, in such a set of re- 
peated stimulations, the sensitization periods should always bear a 
definite ratio to the stun of the sensitization periods that have pre- 
ceded it. 
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All the experiments made to test this prediction verified it vrith 
amazing unanimity, donas which had been in the dark for several 
hours were exposed to a light of 2,000 candle meters at regular inter- 
vals of 1 minute and the reaction time at each exposure noted. The 
results of four experiments are given in Figs. 4 and 5. 

The upper curx^e in Fig. 4 represents the actual data, the moments of 
stimulation being the ordinates and the sensitization periods the ab- 
sdssEe (upper scale). The cur^’'e has the usual Weber-Fechner appear- 
ance, its logarithmic nature being shown in the lower curx'e of the 

^ensif/zafion'fknod^-^ Seconds 


o /o zo JO so 60 



O as 06 0.9 /.z /.s tB 

Sensitfzafion -Per/od 


Fig. 4. Upper curve gives sensitization periods of a Ciona during regularlv 
repeated stimulation at minute intervak. Its logarithmic nature is shown bv 
the lower curve which gives the logarithms of the same sensitization periods. 


same figure. The lower cun^e has the same ordinates, but the ab- 
OTssae are the logarithms of the sensitization periods (lower scale). 
That the points form a straight line is undoubted. 

In Fig. 5 are given the data for three other animals. The lo<^arithms 
of the sensitization periods are plotted as before, and in each°case the 
points very clearly form a straight line. 

This senes of e.xperiments therefore is entirely consistent with the 
Aree cardinal features of the hj-pothetical chemical sw.tem proposed 
e.xplanation for the photic sensitidty of dona. These me^first 
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that the “dark” reaction of sensitive material regeneration is com- 
parativel}" slow; second, tliat the “light” reaction changes tlie sensi- 
tive material into its precursor according to tiie Bunsen-Roscoe law; 
and third, that in order to act as a stimulus, the light must form 
such a quantity of precursor that it ivill bear a definite ratio to the 
amount of precursor already present. 

2. There is a phase of these data on regularly repeated stimulation 
to which attention has alread 3 ’’ been called (Hecht, 1918, c) and which 
must be emphasized. The individual experiments were ended when 
the animal failed to react to the light. The course of an experiment 



Logarithm of ’Sensitization -Period 


Fig. 5. Data of three other individuals plotted similarly to lower curve of 
Fig. 4. 

was therefore as follows. The reaction time to the same intensitj’^ 
became larger and larger and finally the animal ceased to react, — 
because “adapted” to the stimulus. This is the kind of etddence 
which has been used to prove the existence of a “higher behavdor” in 
lower animals (Kinoshita, 1910). According to this line of reasoning, 
the increased reaction time represents a process of learning, and the 
complete cessation at the end a condition of “indifference” to the 
stimulus, or a state of adaptation. 

I hope that the e.xperiments presented in this communication will 
show the futility of such merely verbal explanation. From the data 
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given here it seems clear that the entire process takes place in the 
sense organs themselves. The attainment of a condition of sensory 
equilibrium of Ciom depends upon the existence of a “stationary con- 
dition” of the reversible reaction sj^tem responsible for its photo- 
sensiti\'ity. Dark adaptation represents such a sensor}- equilibrium 
vhen the “light reaction” is completely removed. Rapid adapta- 
tion to light is essentially the reverse process, in which the “dark’’ re- 
action is practicaUy absent, and the “light” reaction is in full sv-ing. 

In these experiments there is no need either for the postulation of 
a learning process or for the presence of a ‘ higher behaxior in order 
to rationalize the results obtained. 

SUMMARY. 

1. dona possesses two means of responding to an increase in the 
intensity of illumination. One is by means of a local reaction; the 
other is by a retraction reflex of the body as a whole. 

2. The “ocelli” are not photoreceptors. The photosensitive area 
is in the intersiphonal region containing the neural mass. This area 
contains no pigment. 

3. The reaction time to light is composed of a sensitization period 
during which Ciona must be exposed to the light, and of a latent period 
during which 'it need not be illuminated in order to react to the 
stimulus received during the sensitization period. 

4. The duration of the reaction time varies inversely as the inten- 
sity. Anal}^is shows the latent period to be constant. The relation 
between the sensitization period and the intensity follows the Bunsen- 
Roscoe rule. 

5. During dark adaptation the reaction time is at first large, then it 
decreases until a constant minimum is reached. 

6. A photochemical system consisting of a reversible reaction is 
suggested in order to account for the phenomena obser\-ed. This 
system includes a photosensitive substance and its precursor, the 
d}-namics of the reaction following closely the peculiarities of the 
photosensitityty of Ciona. 

7. It is shou-n that in order to produce a reaction, a constant ratio 
must be reached between the amount of sensitive substance broken 
do\\-n by the stimulus and the amount prex-iously broken down. 

8. From the chemical system suggested certain experimental pre- 
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dictions were made. The actual experiments verified these predic- 
tions exactly. 

9. The results obtained iw’th regularly repeated stimulation not 
- only fail to show any basis for a learning process or for the pres- 
ence of a “higher beha-^nor,” but follow the requirements of the 
photochemical system suggested before. 
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AN INDICATOR METHOD OF MEASURING THE 
CONSUMPTION OF OXYGEN. 

By W. J. V. OSTERHOUT. 

(From the Lahoralory of Plant Physiology, Eanard Unkcrsily, Cambridge.) 

(Received for publication, September 11, 1918.) 

The study of respiration has been greatly facilitated by using indi- 
cators to measure the production of carbon dioxide. It is desirable 
to employ similar methods for estimating the amount of exj^gen con- 
sumed in respiration. With this in xlevr the tvriter -has investigated 
a number of substances, some of -which appear to give promising re- 
sults. The purpose of the present note is to describe verj’’ briefly 
the use of Limuhis blood for this purpose. 

The blood of Limuhts (and of a number of other invertebrates) 
•when shaken up -with air absorbs oxygen and turns blue, but on stand- 
ing is reduced and in consequence becomes decolorized. It has been 
pointed out by Alsberg* and by Har^ny- that the decolorization is due 
(in large part at least) to the actixity of microorganisms. It seemed 
to the -writer that this might be utilized to measure the rate of con- 
sumption of oxj'-gen in respiration. 

The procedure adopted is as follows; Large horseshoe crabs are 
taken and an indsion’ is made at the joint in the middle of the body ; 
the body is then repeatedly bent back and forth to expel the blood. 
After the blood has stood for a short time a clot forms from which 
the clear blue serum may be poured off. To a portion of this sufid- 
cient ether is added to form a saturated solution; this is allowed to 
stand in a stoppered bottle -with occasional gentle shaking, until the 
ether is dissolved. A number of glass tubes are prepared by sealing 

‘ Alsberg, C. L., J. Biol. Chem., 1915, xxiii, 495. Alsberg, C. L., and Clark, 
E. D., ibid., 1910-11, viii, 1. Alsberg, C. L., and Clark, W. 'b.l.,ibid., 1914, six, 
503. Alsberg, ibid., 77. 

= Harvey, E. N., J. 'Gen. Physiol., 1918, i, 133. 

This enters the heart caxdty. It is desirable to cleanse and dry the surface 
around the joint before making the incision. 
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one end and fitting to the other a piece of rubber tubing which can be 
clamped shut. Various dilutions of the blood are made (mth a satu- 
rated solution of ether in sea water), each of which is placed in a 
separate tube. In one tube undiluted blood is placed. All the tubes 
are clamped shut to prevent the evaporation of ether. 

The ether prevents the decolorization of the blood and the various 
dilutions furnish shades of color which serve as standards in subse- 
quent experimentation. 

If fresh water organisms are used in the experiments the procedure 
must be modified. Since the salt content of the blood is approximately 
that of sea water it must be reduced by dilution or by dialysis. If this 
is carried beyond a certain point precipitation occurs and the color 
of the aerated blood is paler in consequence. 

The organisms are placed in glass tubes, provided with rubber 
tubing as described above, and blood (diluted or undiluted) is added; 
the tubes are then clamped shut, taking care to exclude bubbles of 
air. The observer then notes the time required to produce a definite 
change^ in color (as determined by comparison with the tubes con- 
taining blood to which ether has been added).® It is desirable to ob- 
serve the tubes against a dark background, preferably while facing 
the source of light. The best results are usually obtained by meislng 
the tubes from the end. For this purpose the tubes are inverted so 
that the rubber tubing is below; the organisms sink into it and the 
rubber tubing ma)'- be temporarily pinched off above the organisms 
so they cannot be seen. 

As soon as a definite change in color is observed the tubes con- 
taining the organisms may be opened and shaken with air so as to 
restore the original color. There must be a control tube containing 
blood without organisms or ether; if this control becomes decolorized 
the experiment must be rejected, unless the decolorization is so slow 
as not to interfere nath the result. Freshly drawn blood does not 
decolorize except very slowly; this is also true of freshly dialyzed 
blood, and of blood heated® for 5 minutes to 60°C. Blood preserv'ed 

* The tubes should be shaken from time to time. 

® A “Daylight” lamp was used in most of the experiments. 

® Heating at lower temperatures (40-55 "C.) for a longer time may be pref- 
erable. 
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by the addition of ether maj* be freed from ether by a current of air^ 
and does not decolorize rapidly until it has stood for some time. 
Blood -which has been carefuUj'' dried to a jell3’’-like mass may be 
kept in this condition; it dissolves readilj’’ on the addition of water. 
But if dried to a hard, brittle mass it does not readily dissolve. 

Under favorable conditions blood containing certain organisms,® 
(such as bacteria, or 3'oung Limiilus in the trilobite stage) is quickly 
decolorized (in some cases wi rhin 2 minutes) and the time required 
for decolorization is remarkably constant.® 

WTien the normal rate of oxj-gen consumption has been established 
b}'- repeated determinations, reagents maj* be added and changes in 
the rate maj' be determined. In this way the relative rate imder the 
influence of the reagent maj’- be ascertained -without knowing the 
absolute amounts of oxygen consumed in either case. 

A variety of other substances, such as indigo-carmine, meth3dene 
blue, malachite green, etc., are also reduced and it is possible that 
some of them may prove more useful than Liviulus blood. Experi- 
ments on this subject are being continued. 

S-UMMARY. 

The blood of the horseshoe crab (Liviulus) absorbs 0X3'gen and 
turns blue when shaken in air. In the presence of certain organisms 
which consume ox3"gen it is quickly decolorized. By measuring 
the time required for the change of color the rate of consumption 
of ox3’-gen may be determined. 

® The air should be filtered or washed to remove barteria before entering the 
blood. 

® The salt content must be adjusted to the needs of the organism; it may be 
quickly ascertained by titration. 

®The normal rate is sometimes irregular, due to factors not fully under- 
stood. In these cases the results are rejected. The disturbing factors require 
further study. 



cojMparatr^ studies on respiration. 

I. IxTRODTjCTION. 

By W. J. V. OSTERHOUT. 

{From the Laboratory of Plant Physiology, Eanard Uiihersity, Cambridge.) 

(Received for publication September 6, 1918.) 

In the course of studies on antagonism the vmter made experiments 
on the action of antagonistic substances on respiration. As a re- 
sult of his experiments he became dissatisfied with the existing means 
of studjdng respiration in plants and undertook to devise more sat- 
isfactory methods. At his suggestion Dr. Haas developed an indicator 
method^ which proved to be very satisfactory’' for aquatic organisms. 
However, it had serious limitations which were subsequently removed 
by a method de\dsed by the -writer. The new method is accurate, 
rapid, and convenient, and can be used for organisms of all kinds.* 
A series of studies has been made in the writer’s labor'atory^ by the 
use of these methods, the first of which are here brought together. 
The work of Mr. Gustafson deals -with higher fimgi, that of Mrs. 
Brooks ■with bacteria, that of Miss Thomas -with flowe’ring plants, and 
that of Miss Irwin -with a variety of animal' material. The work of 
Haas* on the marine alga Laminaria was carried out imder the same 
conditions, and may therefore be compared with the results described 
in this series. 

In the first investigations the technique described by Haas^ was 
employed in most cases. Phenolsulfonephthalein was added to the 
liquid containing the organisms, and respiration was allowed to pro- 
ceed until a definite change in acidity had occurred. Usually the 
organism was then placed in a fresh sample of the solution and the 
process was repeated until the normal rate of respiration was ascer- 

^ Haas, k. R., Science, 1916, xliv, 105. 

* Osterhout, W. J. V., /. Gen. Physiol., 1918, i, 17. 

’ Haas, Science, 1917, 462; Proc. Eat. Acad. Sc., 1917, iii, 688. 
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tained;^ the reagent was then added and new measurements of respi- 
ration were made in the same maimer as before. 

The rate of respiration after the addition of the reagent is e.^:- 
pressed in each case as per cent of the normal rate. The normal rate 
is usually determined by taking the average of successive determina- 
tions. The normal rate may be different in each experiment (on 
accoimt of differences in the quantity or kind of material used), but it 
is in all cases taken as 100 per cent. 

The relative rate was ascertained in aU cases by comparing the 
times required to produce a definite diange of acidity and not by a 
comparison of the changes in acidity produced in equal times. The 
former method compares the reaction velocities directly, while the 
latter may not.® 

This method of comparison has the further advantage of making 
it unnecessary to know what change in pH value is produced by 
adding a definite amount of CO 2 . For if we always start the meas- 
urement from the same pH value and carry it to the same end- 
point, we can be certain that the same amount of CO5 has been pro- 
duced in each case, although we ma}' not know what this amount is. 
It is, in fact, quite unnecessary to know it if we are comparing the 
times required to do equal amounts of work 

An additional advantage of this method is that an error in the 
buffer solutions does not affect the results, providing we use the same 
buffer solutions throughout. For this purpose they are made up in 
large quantities.® Two solutions are chosen, the pH value of one 
being taken as the starting point (to which the e.xperimental solution 
is always brought when starting a measurement) and that of the 
other as the end-point (to which the experimental solution comes as 
the result of respiration). 

Certain precautions which are essential to accurate work may be 
briefly mentioned, in addition to those described by Haas.® It is 
necessar}' to use the purest reagents and in particular to see that they 
are neutral (or practically so) ; stock solutions may be kept in Pyrex 
flasks or tubes to avoid alkalinity due to the glass. Slight departure 

■* Unless the normal rate was fairly constant the e.xperiment was rejected. 

® Osterhout, Science, 1918, xhdii, 172. 

■ ® Buffer solutions of phosphates or borates will keep for a long time. 
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from neutrality may be compensated by adding CO2 to the tap water 
or remoATng CO: (by means of a current of air free from COj or by a 
current of hydrogen). In this way the solution may be brought to 
the most convenient pH value; all experiments are then started at 
this value. It is desirable to choose a value in the region where the 
indicator is sensitive. 

In case alkali is added to bring the solution to a given pH value it 
must be done before the normal respiration is measured, so that the 
buffer effect of the alkali will be the same in the measurements of 
normal and abnormal respiration. 

The buffer effect of all reagents must be carefully measured. This 
may be done by means of an apparatus recently described.^ In the 
case of the reagents employed in these studies there is practically no 
buffer effect (unless the contrary is expressly stated). The result of 
buffer action is to make the amoimt of respiration appear smaller than 
it really is. 

It was found that no alkali or add (other than carbonic) was 
given off by the organisms studied. This was detennined by placing 
the organisms in tap water free from CO3 and allowing them to respire 
for some time so as to change the color of the added indicator; the CO* 
was then driven off (by a ourent of air free from CO2) and it was 
foimd that the indicator returned to its original color. 

It was found by control experiments (in which the indicator was 
added after respiration took place) that the indicator itself (at the 
concentrations employed) had no effect upon respiration. 

The accuracy’- of the measurements depends on developing skill in 
matching standard colors imder uniform conditions. The standard 
colors are prepared by making a series of buffer mixtures® containing 
the same concentration of indicator as the experimental solutions and 
contained in Pyrex tubes of the same size as those m which the or- 
ganisms are respiring. Various demces may be employed to rnakp 
the matching more accurate. A backgroimd of white or light gray 
paper is used by many, while others prefer opal or ground glass. In 
some cases it is ad\-isable to screen off the lower part of the tube or 


■ Ostcrhout, /. Biol. Chem., 1918, ssx\-, 237. 

® Cf. Ostcrhout, W. J. V., and Haas, A. R. C., Science, 1918, 420, foot- 

note /. Frequent renewal of the buffer solutions is advisable. 
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to place the tube in a hole bored in a block of wood and to \dew it 
through another hole bored at right angles to the first. The last 
method is very useful when there is a color (due to small suspended 
organisms or to the gi\Tng off of coloring matter by the organism) 
which is superimposed on that of the indicator. This color is con- 
tained in the tube which is put into the wooden block in line with 
the tube containing the buffer solution, so that the light passes 
through both tubes before reaching the eye. In this way the color 
of the indicator can be varied independently of the disturbing color, 
which is due to the organism. 

Uniform conditions for comparison of colors were secured by the 
use of the "Dayh'ght” lamp.® This gives a uniform source of h'ght 
under which colors can be matched with sufiScient accuracy, so that 
the investigator is free from disturbances due to fluctuations of 
daj^light. 

The best test of the accuracy of the work is to make repeated meas- 
urements on the same material in its normal emdroimient at constant 
temperature. Tests made with favorable material show that the 
variation is very small, the probable error (in the time required to 
produce a standard change in acidity) being less than 1 per cent. 
Hence if greater variations are found, they must be due to the varia- 
bility of the material, to the personal equation of the observer, or to 
unfavorable conditions (e.g. of illumination) in comparing colors, 
rather than to the method. A probable error of less tlian 1 per 
cent must be regarded as highly satisfactory’’ for biological meas- 
urements. 

The results obtained by the use of the new apparatus® are quite as 
accurate as those obtained by the original method.* 

Attention may be called to two things in respect to the curv’es: 
(1) After each measurement there is an interval during which the 
solution is changed; since the organism is exposed to the action of the 
reagent during this interval the time should be included in the total 
time of exposure (as shomi in Fig. 1). (2) The rate is obtained by 
taking the reciprocal of the time required to produce tlie standard 

® Cf. Luckiesh, Science, 1915, xlii, 764. The form used is knou-n as “north 
light.” 
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change in aridity; hence it represents the average rate for that Penod. 
If the rate changes during the period, the average ra.te is probably 
the actual one somewhere near the middle of the period. Hence m 
Fig. 1, each ordinate representing the average rate is placed in the 
middle of the period. ' In these papers all cur\-es in which rate is 

Fate ofreapiration 



Fig. 1. Cur\'e showing the rate of respiration under normal conditions (dotted 
line), and under the influence of a reagent (unbroken line). The periods during 
which measurements are made are indicated by horizontal shading; the intervals 
during which no measurements are made are left blank. Each measurement 
gives an average rate for the period; as this average rate is probably the actual 
rate near the middle of the period, the ordinate expressing the average rate is 
placed in the middle of the period. For convenience in comparison, time is 
reckoned from the beginning of exposure to the reagent. 

plotted against time are made in this manner. For purposes of com- 
parison the time expressed on the abscissae is usually reckoned from 
the beginning of e.xposure to the anesthetic. The preceding part of 
the experiment, during which respiration was going on tmder nor- 
mal conditions, is also represented on the curve but in this part the 


176 


STUDIES ON RESPIRATION. I ' 


figures expressing time are omitted from the abscissae in order to avoid 
confusion. 

In averaging curves the following procedure was adopted. A 
curve was drawn for each- experiment (plotting rate of respiration as 
ordinates and time as abscissae). These curves were averaged 
graphically, making use of interpolated points. It may be stated 
that this procedure is perfectly soimd since the error of interpolation 
is usually less than the experimental error. 

The rate of respiration is stated in all cases as per cent of the 
normal rate (which is always taken as 100 per cent). The rate is 
taken as the reciprocal of the time required to produce the standard 
change in acidity. The time required to produce this change under 
normal circumstances is usually stated, and from this the actual 
time required to produce the same change under the influence of 
the reagent may be easily calculated. It is not necessary to find- 
the reciprocals of the time imder normal and abnormal conditions 
and then to divide the latter by the former in order to get the rela- 
tive rate; for the same thing is accomplished more quickly by divid- 
ing the time required to produce the standard change under normal 
circumstances by the time required to produce the same change 
imder the influence of the reagent. 

Of particular interest is the fact that these investigations were 
made by a method which enables us to ascertain the time curves of 
respiration by determinations made at very brief intervals (in some 
cases 1 minute or less). I\Tien the intervals are long (as in practi- 
cally aU previous investigations) it may happen that a rise in the rate 
of respiration which is quickly followed by a fall cannot be detected; 
and in general the form of the curve cannot be determined with 
sufficient accuracy to enable us to study the dynamics of the process. 

Another point of importance is that so wide a range of material 
was studied that it is possible to judge whether the results obtained 
are of general validity. The plants included bacteria, the higher 
fungi, algae, and flowering plants, whUe the animals included insects, 
frog eggs and tadpoles, and fish embryos. Precisely similar experi- 
ments were made on all these forms and as these experiments were all 
carried out under the same conditions the results are comparable in 
all respects. 
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All of these papers deal primarilj" with the effect of anesthetics on 
respiration. The special interest of this problem is too well known to 
require extensive discussion. Of late it has centered largelj' about 
the theorj^ of Verworn, which states that anesthesia is a kind of 
asphjwia, due to a checking of respiration by the anesthetic. 

Although this theorj^ has been widely accepted there are excellent 
reasons for regarding it as invalid. Among these may be mentioned 
the obsers-ations of Warburg, who found that phen>durethane in- 
hibited cell di\dsion in the sea urchin egg without altering the con- 
sumption of oxj’gen, and those of Winterstein'* who found that 
anaerobic animals are easily narcotized, which is difficult to under- 
stand if narcosis depends on interference with oxj^gen consumption. 
Loeb and Wasteneys*^ showed that to produce complete narcosis in 
Fmidulus embrj-^os by lowering the rate of respiration (by means of 
KCN) it was necessarj’^ to diminish respiration to one-fourteenth of 
the normal; but the same degree of narcosis could be produced by 
chloroform with a lowering of respiration amoimting to only 5 per 
cent (or even less). In this case it would appear that anesthesia is 
not due to the checking of respiration b}’’ the anesthetic but to some 
other mode of action. This conclusion was confirmed by a variety 
of experiments made with other anesthetics and upon other organ- 
isms. Winterstein*’ in a later paper has shown that in the spinal cord 
of the frog, anesthetized with alcohol, the rate of respiration is 
above the normal. 

The experiments upon plants made by various obserx’^ers^’ are not 
in agreement. This is doubtless due to differences in the method 
of experimentation. One point of great importance which has been 
brought out in recent studies, particularly by those in this series, 

“ Warburg, 0., Z. physiol. Chem., 1910, kvi, 305. 

'' Winterstein, H., Biochem, Z., 1913, li, 143. 

^=Loeb, J., and Wasteneys, H., J. Biol. Chem., 1913, xiv, 517: Biochem. Z., 
1913, Ivi, 295. 

Winterstem, Biochem. Z., 1914, ki, 81. 

_ For a reriew of the literature see Czapek, F., Biochemie der Pflanzen, Jena, 
2nd edition, 1913, i, 195 ff. See also Ewart, A. J., Ann. Bol., 1898, xii, 415, and 
Appleman, C. 0., Am. J. Bol., 1916, iii, 223. For a general review of the litera- 
ture on animals, see Winterstein, H., Biochem. Z., 1913, li, 143; also Hober, H., 
Ph\-sikalische Chemie der Zelle und der Gewebe, Jena, 4th edition, 1914, 460 fi. 
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is that the result depends in most cases on tlie length of the experi- 
ment. This is due to the fact that under the influence of the anes- 
thetic the rate of respiration constantly changes. In the older 
experiments this was overlooked and the discrepancies in the results 
are doubtless due in large measure to this circumstance. It is impor- 
tant to be able to determine the rate of respiration at intervals of 
5 or 10 minutes, or even less, as is possible by the method employed in 
these studies. 

All of the plants studied in the writer’s laboratory (including rep- 
resentatives of bacteria, higher fungi, algae, and flowering plants) 
agree in their behavior toward anesthetics. WTiile lower concen- 
trations produce no effect on respiration, higher concentrations cause 
a rise followed by a fall. In general the rise of respiration appears 
to be associated with reversible anesthesia while the fall below the 
normal rate indicates irreversible toxic effects, at least if it goes much 
below the normal. 

It is evident that these results are directly opposed to the theory 
of Verworn. 

The results qbtained by Miss Irwin upon animals are likewise not 
in agreement vith Verworn’s doctrines, for although they show that 
anesthetics may produce a temporary decrease of respiration, which 
cannot be wholly explained on the ground of cessation of movement, 
this decrease is much too small to produce anesthesia. 

On the other hand Miss Irndn’s observations are interesting as 
showing an apparent difference between animals and plants in their 
beha\aor toward anesthetics, in that the temporary decrease followed 
by an increase which is found in animals does not occur in plants. 
If this should prove to be generally true, it is significant. 

The facts developed in these studies are of considerable interest 
but it seems wiser to defer their interpretation until more infor- 
mation is available. They offer suggestions for further attacks upon 
the problem and have an important bearing on the theorj' of anes- 
thesia. These investigations are being continued and it is expected 
that additional results -vvill be forthcoming in the near future. 

It may be added that throughout these articles the term respira- 
tion is used as meaning oxidative processes which furnish energy, be- 
ginning with the taking up of Oo and ending vith tlie production of 
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COo and HjO. The consumption of O2 and the production of CO2 
furnish the most convenient means of measuring respiration and it is 
always desirable to study both together. If we find that O2 is con- 
sumed but no CO; is produced, as in some of Warburg’s experiments^^® 
we may speak of respiration. If on the other hand CO2 is produced 
but no free O2 is consumed, as is the case in anaerobic respiration, 
we may regard this as respiration also. Ordinarily a rise in the rate 
of CO2 output is interpreted as a rise in the rate of respiration, but 
it might happen that the sudden production of an acid (e.g. lactic 
acid) might set free CO2 from carbonates already present in the tissue. 
li\Tien there is reason to suspect that this is the case special precau- 
tions must be taken to ascertain how the CO2 is produced. 

Some miters endeavor to make a distinction between oxidation 
in the firing cell and that which occurs after death. In the opinion 
of the writer there is no valid ground for such a distinction, and the 
term respiration is here used to include processes which occur imme- 
diately after death. 

SUinUEY. 

A series of investigations on respiration with improved quantita- 
tive methods has been commenced. The first of these are here de- 
scribed. They show that when anesthetics are employed in sufficient 
concentration to produce any result, plants show a rise in the rate of 
respiration which is followed by a fall. In the animals studied, the 
rise (formd in higher concentrations only) was preceded by a tempo- 
rary^ fall which is not entirely due to lowering of muscular actimty or 
tonus. In lower concentrations the effect on animals was merely a 
decrease of respiration. 

The results of all the investigations are opposed to the theor}' of 
Verworn. 

Warburg, Ergehn. Physiol., 1914, siv, 319. 
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The object of this investigation is to compare the action of anes- 
thetics and some other substances on the respiration of a fungus vrith 
similar effects in other groups of organisms. 

The fungus tvhich has been used throughout these experiments is 
Aspergillus iiiger. This was selected because it grows well in a nutri- 
ent solution and forms on the surface of the liquid a compact mass 
of hyphse, which is easily handled. Penicilliuin sp. was also tried, 
but this forms loose tufts of hyphae, which are ver>- hard to 
manipulate. 

The fungus was grown in a nutrient solution of 40 gm. of cane sugar, 

2 gm. of KNO3, 1 gm. of KH-POi, and 0.5 gm. of MgSOi in 800 cc. 
of tap water. This solution has an acid reaction, a fact which may 
have been beneficial in preventing the growth of bacteria. The cul- 
tures were examined at various times for bacteria but at no time were 
any foimd. The fungus was grown from spores in 100 cc. Erlen- 
meyer flasks, in about 30 cc. of sterilized nutrient solution. They 
were kept slightly above room temperature. Spores were usually 
formed in 3 or 4 days after inoculation, so it was found best to use 
the cultures when 2 days old. The respiration was at its maxi- 
mum at this time. If older cultures were taken respiration was 
not so great. 

The indicator method' was used for determining the amount of 
CO2 given off. For buffer solutions borax and boric acid solutions 
were used in various mixtures. A table for making up buffers of 

' Haas, A. R., Science, 1916, div, 105. 
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any desired pH value b}'- means of borates and boric acid has been 
published by Palitzsch^ and later republished by Osterhout and 
Haas.® 

In the experiments 10 cc. of tap water were used in each tube to 
which five drops of a 0.01 per cent solution of phenolsulfonephthalein 
were added as indicator. That this indicator was not toxic to the 
fungus was proved by sowing spores in a nutrient solution contain- 
ing the same concentration of indicator as used in the e.xperiments. 
A control witli the same amount of spores was inoculated at the same 
time and grown under similar conditions. The two cultures matured 
at the same time and behaved similarly when treated with anesthetic. 

Respiration was measured in the nutrient solution and in sugar solu- 
tions in preliminary experiments, but as the results were the same as 
when tap water was used, the nutrient solution was replaced by tap 
water, which was easier to handle. The tap water was very near the 
neutral point and was brought to the desired alkalinity by boiling off 
some of the dissolved COj or by washing out some of tlie COj by 
means of a current of air free from COj. 

I^dien an experiment was started, some of the fungus was thor- 
oughl}'’ rinsed in tap water to wash off the nutrient solution. Any 
adliering bubbles of gas enclosed in the interwoven hj'phze had to 
be got rid of before the readings were begun, either bj'" gentl}'’ 
squeezing the material between the fingers or b^'^ a continued shaking 
in several changes of water. The mass of hjqphre was then separated 
into pieces small enough to be shaken about easily in the tube. They 
were then put into a Pyrex glass tube which was closed at one end, 
while at the other was attached a paraffined rubber tube about 3 
inches long.* Before putting the fungus in tlie tube, 10 cc. of tap 
water (plus five drops of indicator) had been poured in. \\Tien the 
fungus had been put in, the rubber tube was closed with a spring 
clamp, in such a way as to enclose a small bubble of air, to act as a 
stirrer. In all experiments this bubble was made as nearl}’’ the same 
size as possible. The tube was now shaken until any gas that may 
have adhered to the material was detached. The color of the experi- 

* Palitzsch, S., Biochcm. Z., 1915, Isx, 333. 

® Osterhout, W. J. V., and Haas, A. R. C., Science, 1918, slvii, 420. 
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mental tube was then matched ndth that of a buffer tube of the same 
size (and ha\-ing the same concentration of indicator), using a con- 
stant source of light (“Daylight” lamp)/ 

The alkalinity of the water was brought (by the means mentioned 
above) to a point a little above pH 7.60; after adding the material it 
was allowed to stand until it fell to pH 7.60, which was taken as the 
starting point in all experiments. The time was noted and the tube 
■ put aside for a minute or two, when it was gentlj* shaken to dis- 
tribute the CO; throughout the solution. The tube was again 
matched, this time with another buffer tube ha\'ing a pH value of 
. 7.25. If the experimental tube had not yet reached this, it was re- 
peatedly examined at very short inten.-als tmtil the two matched. 
The change in pH was from 7.60 to 7.25, which was the standard 
unit of measurement in aU cases. 

In starting an experiment the time required for this change was 
noted and the material was rejected unless this time was practically 
constant for at least three periods before any anesthetic was added. 
The time varied with the amount of material used, but was made as 
near to 3 minutes as possible in each e.xperiment. MTien the end- 
point was reached, the material was taken out and rinsed in tap water 
before starting a new measurement with a new solution. 

WTien a practically constant rate of respiration had been obtained, 
the material was placed in a solution of the desired concentration of 
the anesthetic. After the addition of the anesthetic the respiration 
was measured in the same manner as before. The experiments with 
anesthetics lasted from half an hour to 2 hours. 

On account of the short periods used it was fmmd impossible to rar ry 
on a control simultaneously with the experiment. Therefore a large 
number of control experiments were made from a mnnber of cultures 
and at different times during the period of investigation. These con- 
trol e.\-periments agreed verj- closely, so they were averaged to make 
up a control cur^-e, which has been used in all figures. As will be 
noticed from the figures, the control shows a gradual decrease in 
rate of respiration. This is probably due to a decrease in oxidizable 

* For other details see the introductor\- article by Osterhout tV. T. Y. J. Gen 
Physiol., 191S, i, 171. 
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material within the cells, as this decrease did not occur when a 3 
per cent sugar solution was used in place of tap water. 

All the experiments were made at room temperature (18-20°C.). 

■ In regard to the accuracy of the results it may be stated that in no 
case did the probable error exceed 2.4 per cent of the mean. 

The measurement of respiration at frequent intervals, as here 
practised, has great advantages. Methods heretofore employed in 
measuring respiration have usually necessitated the use of long periods. 
It will be noticed readily from cur\’^es here presented that if periods 
of an hour’s duration had been used no increase would have been 
found except in one or two cases, because the increase, though distinct 
enough, lasts but a short time (in many experiments only from 5 
to 10 minutes) . This increase is followed by a decrease, and if the 
total amount of COo given off in 1 hour were measured, the large 
output for a short time would be more than counterbalanced by the 
longer period of small output, so that the total would be below nor- 
mal, and we should record a decrease instead of an initial increase 
followed by a decrease. In the writer’s opinion there is no doubt 
that this is what has happened in many cases, where onlj'- a falling off 
of respiration has been reported. Scliroeder® got a decrease in respi- 
ration of Aspergilhis niger when he used 6 and 7 per cent ether. In 
the present investigation 3.65 and 7.3 per cent ether both gave a de- 
cided increase (except in a few cases), but this was followed by a drop, 
and if 1 or 2 hour periods, as Schroeder used, had been employed, it 
is very likely that onl}'^ a decrease would have been noticed. Ko- 
sinski® as the result of experiments wuth Aspergillus niger reports an 
increase in CO 2 output with 0.5 per cent ether and a decrease with 
5 and 7 per cent; with 0.2 per cent cocaine and 0.02 per cent strj’ch- 
nine nitrate an increase was observed. 

The first experiments were made with formaldehyde. A few ex- 
periments were conducted at first with 0.2 per cent (by volume), but 
as this concentration gave a very small change, 0.4 per cent was used. 
This stronger concentration gave a verj"^ large increase followed by an 
abrupt decrease. The results are shown in Fig. 1; Six e.xperiments 

® Schroeder, H., Jalirb. wss. Bol., 1907, xliv, 409. , 

® Kosinski, I., Jahrh. iviss. Bol., 1902, .vxxvii, 163. 
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were made with this concentration. Their average happens to cor- 
respond almost exactly mth one experiment, and this experiment 


RATE 
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Fig. 1. Curve showing the effect of 0.4 per cent formaldehyde on the respira- 
tion of Aspcrgillits niger. The shaded portions represent the periods during 
which respiration was measured. The unshaded portions represent the interven- 
ing time during which no measurement was made (e.g., time spent in changing 
the material from one solution to another) . The horizontal part of the curve shows 
the normal respiration; the remainder the respiration in 0.4 per cent formalde- 
hyde. The dotted line represents the respiration of a control in tap water. Time 
is reckoned from the beginning of the exposure to formaldehyde. The normal 
rate (which is taken as 100 per cent) corresponds to a change from pH 7.60 to 
pH 7.25 in 2.75 minutes. 

was used instead of the average in drawing the curve, as will be seen 
in Fig. 1. The periods during which the measurements were made 
are indicated by shading. The rate which is obtained for each period 
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is an average for that period, and if the rate is dianging, it is e\d- 
dent that this average rate rv-ill in general occur somewhere near the 
middle of tire period. Hence in drawing the curve the points are 
taken in the middle of each period. The other curv'^es are made in 
the same way but the periods are not indicated. 

After exposure to the reagent has begun, the inters’^als between 
periods of measurement are included in the total time of e.xposure 
to the reagent, because even when the material is momentarily 
lifted out, it remains covered by a film of the reagent. The rela- 
tive rate of respiration for each period is obtained by dividing the 
rate for that period by the normal rate. This applies to all the sub- 
sequent work. 

The main part of the work was done with ether. Various concen- 
trations between 0.37 and 1.46 per cent (by volume) were tried in the ■ 
beginning but as these had little or no effect, higher concentrations 
were employed. A slight increase of respiration, which lasted for 
some time, was obtained vdth 1.46 per cent etlier. With 3.65 per cent 
three distinct types of results were obtained. The first and most 
common type was a sharp rise in respiration in the first period, fol- 
lowed by a gradual decrease' (Fig. 2, Cur\'e A), so that at the end of 
half an hour the rate w'as slightly below normal. From this point 
on the rate decreased more slowly, reaching about 60 per cent of the 
initial rate at the end of 80 minutes. A second type gave a curve 
with a flattened top having the maximum rate of respiration in the 
third or fourth period. Only ver}’’ few experiments showed this type. 
The tliird type never gave a rise, but always a slow decrease from the 
beginning (Fig. 2, Curs'e B). 

These three t3q3es were constant in the sense that each culture 
alwaj's gave only one result, no matter how man}’’ experiments were 
made. Though tlie cultures were grown under identical conditions, 
yet this difference in beha\dor was alwaj's noted. 

A saturated solution of ether was also tried. As this is approxi- 
matety 7.3 per cent by volume, the latter designation has been used 
for the sake of convenience. With 7.3 per cent onl)’- one tjqie of result 
was noticed, even when the same cultures were used with which dif- 
ferent results had been obtained with 3.65 per cent. A verj' pronounced 
increase was noticed in the first period fofiowed by an almost- equally 
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rapid decrease, so that in from 6 to 10 i^utes 
normal. At the end of an hour respiration was 


the rate was back at 
nearly at a standstill 


(Fig. 2, Cur\^e C). 
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Fig. 2. Curves showing the effect of ether on the respiration of Aspergillus 
iiigcr. Curve in 3.65 per cent ether; Curve B, a different culture in 3.65 per cent 
ether; Curve C, in 7.3 per cent ether. The horizontal part of the curves shows 
respiration in tap water before e.vposuie to ether. Dotted line shows respiration 
of a control in tap water. The normal rate (which is taken as 100 per cent) cor- 
responds to a change from pH 7.60 to pH.7.25 in 3.25 minutes for Curve A and 
in 3 minutes for Cur\'es B and C. Curve A represents the average of four ex- 
periments; Curves B and C, the average of five experiments. Probable error, 
less than 2.4 per cent of the mean. 


The results with ether are shown in a different manner in Fig. 3. 

A number of experiments on recover^’ were conducted with 7.3 
per cent ether. The result of these experiments was, that if respiration 
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had risen and fallen again to normal and the material was then 
taken out of the ether solution and put in a nutrient solution, it, was 
found on observing it 2 to 3 hours later that respiration was practi- 
cally normal (Fig. 4, Cur\^e B). If on the other hand the mater al 
was allowed to remain in the ether solution until the rate had fallen 
to about 60 per cent of the normal and then placed in nutrient solu- 
tion recoA^ery to normal was not obtained. From this it would seem 

R.WE 



Fig. 3. Curve A shows the rate of respiration of Aspergillus niger in various 
concentrations of ether after an exposure of 2 minutes. Curve B shows rate of 
respiration after an exposure of 10 minutes. Curve C shows rate of respiration 
after an e.xposure of 30 minutes. The dotted line shows the normal respiration. 

The figures expressing the per cent of ether should be corrected by multi- 
plying by 0.73. 

that only tlie increase in respiration is reversible and that when a de- 
crease takes place an irreversible reaction invohdng injury is going on. 

A 20 per cent solution (bj'^ volume) of acetone was also employed. 
A very large increase took place, with the ma.vimum during the second 
period (Fig. 5, Cun^e B). This concentration of acetone was very 
much less toxic than 7.3 per cent ether. 

Alkaloids usually have a special effect. For this reason it was 
thought best to try caffeine as a representative of this group. Low 
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concentrations, such as Haas’ reports using, had no 
The lowest concentration that showed any effect r^as O.o per ce 
fR- ^ riir\'e A) This gave a decrease in respiration from th 
SlS^g In the first two periods there was a decrease of neariy 
OT per cfnt below normal; then foUowed several penods wath haiay 
any decrease at all. Several esreriments with a saturated soluM 
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Fig 4 Curve B shows the respiration of Aspergillus niger, first for 20 minutes 
in tap water (horizontal unbroken line), then for 9.5 minutes in 73 per cent ether, 
then for 130 minutes (interval shortened in figure to save space and denoted by 
dotted lines) in nutrient solution, and finally for 36 minutes in tap water (un- 
broken line). Curve A shows the respiration of a control placed in tap water for 
30 minutes then for 130 minutes in nutrient solution (dotted line), then for 34 
minutes in ’tap water (unbroken line). The normal rate (which is taken as 100 
per cent) corresponds to a change from pH 7.60 to pH 7.25 in 3 minutes. Aver- 
age of three experiments. Probable error less than 2.4 per cent of the mean. 

of caffeine were also performed. An initial increase amounting to 
about 15 per cent above normal was noticed (Fig. 5, Curve C). This 
was foUow’ed by a gradual decrease till a rate of 60 per cent of the 
normal was reached, when the rate of respiration became stationary 
and remained so till the end of the experiment (over half an hour). 


^Haas, Sciertcc. 1917, xlvi, 462." 
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Fig. 5. Curve B shows the respiration of Aspergillus iiiger, first for 20 min- 
utes in tap water (horizontal part of cur\'e), then in 20 per cent acetone. Curve 
A shows the respiration, first in tap water (horizontal part of curve), then in 0.5 
per cent solution of caffeine. Curve C shows respiration, first in tap water (hori- 
zontal part of curve), then in saturated solution of caffeine. The dotted line shows 
the respiration of a control in tap water. 

The normal rate (which is taken as 100 per cent) corresponds to a change 
from pH 7.60 to pH 7.25 in 2.75 minutes for Curve A; in 3.25 minutes for Curve 
B, and in 3 minutes for Curve C. 

Curve A represents the average of seven, Cur\'e B of four, and Cur\'e C of 
two e-xpcriments. Probable error less than 2.4 per cent of the mean.. 
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The action of caffeine seems to be ver>' much slower and less pro- 
nounced than that of the other substances tried. 

The absence of any noticeable buffer action in any of the solu- 
tions was determined by means of an apparatus which has been 
described by Osterhout.® A measiured amount of CO; is introduced 
into a certain amount of solution with indicator and the change in 
pH is noted. This is compared with the change caused by an equal 
amount of CO; in the same amount of tap water. 

The above results agree in the main with those obtained by Haas^ 
on Laminaria. Usually stronger solutions were needed to cause any 
effect on the respiration of Aspergillus uiger, and the changes were 
not so great. With all reagents tried there was an increase, though 
with some concentrations only a decrease was noted. 

SUMMARY. 

1. In concentrations which are high enough to produce any effect, 
formaldehyde, ether, and acetone cause an increase, followed by a 
decrease, in the rate of respiration. 

2. 3.65 per cent ether, which causes an increase with certain 
ctiltures, produces only a decrease with others. 

3. The reaction producing an increase in the respiration with 7.3 
per cent ether is a reversible process, while the reaction producing 
the decrease is not reversible. 

4. 0.5 per cent caffeine produces only a decrease in respiration while 
a saturated solution causes an increase, which is followed by a 
decrease. 

® Osterhout, J. Biol. Chem., 1918, sxxv, 237. 
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Although so much stress is laid on the physiological reactions of 
bacteria in their identification and classification, little investigation 
(except to distinguish aerobic from anaerobic forms) has been devoted 
to the fundamental process of respiration in these organisms. In 
order to throw some light on the nature of this process and to com- 
pare the results with those obtained with other plants and with ani- 
mals, a series of studies upon the respiration of bacteria has been un- 
dertaken. The present paper describes the results of some experi- 
ments on the effects of ether. 

The organism selected for experimentation was Bacillus subtilis, 
isolated from water and inoculated upon agar-agar daily during the 
month previous to experimentation, so that a pedigreed culture was 
at hand. Several other organisms were tried; namely. Bacillus 
inycoides. Staphylococcus pyogenes albus. Staphylococcus cilreus, Bacillus 
typhosus; but Bacillus subtilis was preferred because it was easier to 
handle. Bacteria were incubated for 16 to 18 hours at 37°C. and were 
then washed into a test-tube with a few cc. of tap water containing 
indicator. A thick emulsion was made b}’ repeatedly drawing the 
liquid into, and ejecting it from a pipette which was drawn out to a 
veiy- fine point. 

The respiration of the bacteria was tested in boiled tap water. The 
boiling rendered the water alkaline by dri\Tng off the CO 2 . To each 
2 cc. of solution was added one drop of a 0.01 per cent aqueous solu- 
tion of phenolsulfonephthalein. The color of the solution was com- 
pared with the colors of a set of standard buffer solutions, made ac- 
cording to Sorensen’s directions with KH.PO4 and Na2HP04, hav- 
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ing the same concentration of phenolsulfonephthalein as the experi- 
mental solution and contained in Pyrex tubes of the same size. The 
tap water was found to have a pH value of 8.3. 

All e.xperiments were done in Pyrex tubes each containing a total of 
5 cc. of liquid as follows: Various amounts of tap water plus three 
standard drops of bacterial emulsion and sufficient saturated solution 
of ether in tap water to make the foUoudng concentrations of ether by 
volume; 0.037, 0.183, 0.329, 0.438, 0.95, 1.46, 2.9, 4.38, 5.84, and 7.3 
per cent. 

Each tube, therefore, contained a total volume of liquid amounting 
to 5 cc. in which the concentration of indicator was the same. The 
number of bacteria was made as nearly equal as possible in the dif- 
ferent tubes by taking a uniform emulsion, mixing it thoroughly be- 
fore taking the drops from it, and using a standard dropper so as to 
have the drops of equal size. The emulsion was transferred almost 
simultaneously to all the tubes. The tubes were then quickly closed 
(by clean corks boiled in paraffin) with the exclusion of all air and 
determinations were made by comparison with the standard set of 
buffer solutions contained in tubes of the same size. In everj’^ case 
there was a control consisting of organisms in tap water witliout 
ether, and of ether in tap water without organisms. 

To see if phenolsulfonephthalein is toxic to bacteria, several trials 
were made by placing bacteria in a liquid of known pH value and 
after respiration had gone on for a definite time adding the indicator, 
and comparing that result ^vith the color of a control tube to which 
the indicator was added at tlie beginning of the e.xperiment. No dif- 
ference in rate of respiration was observed.* 

It was also found that ether has no buffer action to interfere with 
the measurement of the rate of respiration. 

That the bacteria under these conditions give off no alkah or acid 
(other tlian carbonic) is shown by dri^^ng off the CO 2 at the end of 
tlie experiment. The solution then returns to the original pH value. 

A great deal of variation in cultures of different ages was ob- 
serv-ed. Those more than 24 hours old have a markedly lower rate 

* For other details see Paper I of this series (Osterhout, W. J. V., J. Gen. 
Physiol., 1918, i, 171. 
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of respiration, than cultures between 18 and 24 hours old. The tune 
required to change the pH value from 8.3 to 8.1 by respiration may 
be only a few minutes when the culture is young, while as much as 6 
hours mav be necessarj' in the case of an older culture. This might 
be due to the fact that in the older culture the bacteria have gone 
into the resting stage or have produced spores. In this stage ether 
has little or no action upon the respiration of the bacteria. 

The temperature maintained was from 18-20°C. as this was foimd 
to be sufficiently constant. Presumably the respiration of bacteria 
has the ordinary temperature coefficient of 2. A few e.^eriments 
were tried at about 1°C. and it was foimd that exposure to this tem- 
perature for 15 minutes had a marked after effect, as little or no 
respiration was observed for about 6 hours. 

In the earlier experiments it was thought desirable to permit res- 
piration to produce a definite change in pH value and then wash 
out the CO: with H: or with air free from CO:. But this was found' to 
injure the bacteria (owing probably to mechanical or chemical dis- 
turbances), so that the rate of respiration was greatly diminished. 
Therefore it was necessary to use separate tubes for the control and 
for each concentration of ether (instead of finding the normal rate of 
respiration of a given tube and afterward e.xposmg it to ether). It 
was possible to do this as a number of readings showed a fairly con- 
stant rate of respiration. 

The rate is obtained by taking the reciprocal of the time required 
to produce a given change in pH value. It is e.xpressed as per cent 
of the normal rate which is always taken as 100 per cent. 

Fig. 1 shows a comparison between the respiration of Bacillus 
suhtUis in tap water and in four concentrations of ether (by volume) . 
In every case the rate is more rapid at first and becomes slower as the 
reaction of the medium becomes more acid. The normal curve, in- 
dicated by the dotted line, shows a slower rate than any of the other 
curi'es. In no case does the indicator show the pH value to be below 
6.8 to 6.4. 

Mffien higher concentrations are used, the respiration is more rapid 
during the first few pH intennIs and much slower during the last 
few. In fact, concentrations of ether as high as 1.46 per cent and up- 
ward never reach so low a pH value as concentrations below 1.46 per 
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cent. For example, the curve readily shows that 7.3 per cent ether,, 
although causing a rapid respiration at first, does not produce a lower 
pH value than 7.9. After allowing these tubes -to stand several days, 
thej'^ change about 0.2 pH unit, or reach 7.7 pH, ondng probably to the 
fact that there are a few sur^dving organisms that are perhaps more 
resistant than the majority, as later experiments indicate. 



Fig. 1. Cur%TS showing the effects of various concentrations of ether on the 
respiration of B. suililis. Dotted line, control. Average of two experiments. 

The figures expressing the per cent of ether should be corrected by multiplying 
by 0.73. 


Fig. 2 shows more readily the effect of 7.3 per cent ether upon the 
rate of respiration as compared with the normal rate (dotted line). 
There is a sudden outpouring of CO; followed bj'' cessation of 
respiration. 

Fig. 3 plotted in the same wa}”-, shows the effect of lower concen- 
trations of ether upon the rate of respiration as compared with the 
normal curv'e (dotted line). 

Cun^e 1 in Fig. 4 shows the rate of respiration in various concen- 
trations of ether during the first interval in which the pH ^'alue changes 
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from 8 3 to 8 1. The rate is taken as the reciprocal of the time re- 
quired to change the pH value from 8.3 to 8.1. The cim^e shows a 
gradual increase in respiration as the concentration of ether in- 
creases. The curve rises more rapidly from 2.9 to 5.84 per cent, and 
very rapidly near 7.3 per cent. In fact, the change in pH value at 
7.3 per cent is almost instantaneous. 
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Fig. 2. Curves showing the effect of 73 per cent ether on the rate of respira- 
tion of B. subtilis. Dotted line, control. The normal rate (which is taken as 100 
per cent) corresponds to a change from pH 8.3 to pH 8.1 in 7 minutes. Average 
of three experiments. 


For the sake of comparison, a similar series of obsert^ations was 
made with the same concentrations of ether dissolved in 0.85 per 
cent IvaCl. Curve 2 of Fig. 4 shows increase in respiration with 
increase in concentration; the curv-e rises rapidlj' at first, then more 
slowly and finally quite steeply. No sudden outpouring of CO 2 is 
observed in 7.3 per cent ether as is the case in the tap water (Cuiwe 
1). This seems to indicate an antagonism between the action of 
NaCl and ether. 



198 


STXIDIES ON RESPIRATION, m 


The question arises whether the sudden outpouring of CO 2 in 7.3 
per cent ether is due to the sudden production of a great e.vcess of 
CO 2 or merely to the sudden liberation of COo pre\dousl}'- stored up 
in the cells (either as CO 2 or in the form of carbonates and bicarbon- 

RATE 



Fig. 3. Curves showing the effect of ether on the rate of respiration of B. 
siibtilis. Dotted line, control. The normal rate (which is taken as 100 per 
cent) corresponds to a change from pH 8.3 to pH 8.1 in S minutes. Average of 
two experiments. 

The figures expressing the per cent of ether should be corrected by multiplying 
by 0.73. 

ates). It seems more probable that the latter is the case but tliere is 
also a sudden increase in O 2 consumption when the bacteria are 
placed in 7.3 per cent ether, as is shown by using Lhmdns blood as 
an indicator.* 

* Osterhout, J. Gen. Physiol., 1918, i, 167. 
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The great increase in respiration in 7.3 per cent ether in tap water 
raises the question whether the bacteria were injured. To obtain 
some light on this question, the contents of each tube were tested 
(after an exposure to ether lasting 20 minutes) by plating the bacteria 
on Petri plates and counting the colonies. Two loopfuls of solution 
from each Pjnrex tube were diluted in 10 cc. of sterile water and from 



Fig. 4. Curv'es showing the efiect of various concentrations of ether on the 
rate of respiration of B. sublilis in tap water (Curv'e 1) and in 0.85 per cent NaCl 
(Cur\'e 2). The normal rate (which is taken as 100 per cent) corresponds to 
a change from pH 8.3 to 8.1 in 5 minutes. Average of three e.vperiments. 

The figures e.xpressing the per cent of ether should be corrected by multiplying 
by 0.73. 

these, one loopful was placed in 10 cc. of agar-agar and plates were 
poured in triplicate. These plates were incubated over night at 37°C. 
and counted the next day. The results were expressed as per cents 
of the normal. These per cents are plotted as ordinates in Fig. 5 
and the concentrations of ether as abscissae. In performing this 
e.\-periment all precautions were observed to ensure sterility of the 
media. 
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To show what effect a longer exposure to ether would have upon 
the bacteria, another set of plates was poured in "the same maimer as 
the first set except that the bacteria were allowed to remain in ether 
for 1 hour. The solutions tried were (1) tap water, (2) saturated 
solution of ether (about 7.3 per cent in tap water), (3) 0.85 per cent 


GROWTH 



Fig. 5. Curve showing the effect of various concentrations of ether on the 
growth of B. sjtililis. The ordinates denote the number of colonies expressed as 
per cent of the normal, which is taken as 100 per cent. 

The figures expressing the per cent of ether should be corrected by multiplying 
by 0.73. 


NaCl in tap water, and (4) saturated solution of ether in 0.85 per 
cent NaCl solution. The following results were obtained, averaging 
nine trials and counting tap water as 100 per cent. 


Tap water. 

Ether in tap water. 

0^5 per cent NaCl . j 

Ether in 0.85 per cent 
NaCJ. 

per cent 

per cent 

percent 

per cent 

100 

10 

112 

14 
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Fig. 5 shows that as the concentration of ether increases up to 1.1 
per cent there is a decrease in rate of growth, reaching a minimum at 
about 0.95 per cent. Concentrations of ether from 1.1 to 4 per cent 
produce increase in growth with a maximum at 2.9 per cent. All 
higher concentrations of ether produce decrease in growth. These 
observations show that ether is toxic in low concentrations and in very 
high concentrations, while intermediate concentrations sthmilate 
growth. 

A possible correlation between Fig. 4 and Fig. 5 may be made. 
In Fig. 4 there is a steeper ascent in the curve up to 1.1 per cent con- 
centration of ether, and this corresponds to the first period of toxicity 
in Fig. 5. Then there follows a more uniform increase in respiration in 
Fig. 4 corresponding to an increase in growth in Fig. 5. Above 2.9 per 
cent ether. Fig. 4 shows the very steep ascent of the curve (or very 
rapid respiration) and Fig. 5 shows a sudden descent of the curve 
with a decrease in growth or death of the bacteria. 


SDIDIARY. 

1. In aU the concentrations of ether studied (from 0.037 to 7.3 per 
cent) there is an increase in the rate of respiration of Bacillus subtilis 
followed by a decrease. 

2. In 7.3 per cent ether in tap water there is an extraordinary in- 
crease in the output of CO 2 (amoimting to 50 times the normal). 
This does not occur when 0.85 per cent NaCl is added, which indi- 
cates antagonism between ether and NaCl. 

3. Ether is toxic in low concentrations (0.037 to 1.1 per cent) and 
high concentrations (3.65 to 7.3 per cent) but in intermediate con- 
centrations (1.1 to 3.65 per cent) stimulates growth. 




COilPARATRrE STUDIES ON RESPIRATION. 

IV. The Effect of Ether on the Respiration of Wheat. 

By HELEN STILLW'ELL THOMAS. 

{JProm the Laboratory of Plant Physiology, Hanard Unkersity, Cambridge:) 

(Received for publication, September 6, 1918.) 

Investigations on the effect of anesthetics on the production of CO2 
in higher plants have yielded somewhat contradictor}- results. Apple- 
mani found that the respiration of potatoes exposed to ethyl bromide 
vapor for half an hour was approximately doubled. Irving- noted 
that the respiration of barley shoots was first increased and then de- 
creased by chloroform vapor. Lauren® stated that some seedlings 
showed an increase in respiration when exposed to ether or chloro- 
form, proxided the treatment was not carried far enough to injure the 
plant permanently; other seedlings showed a decrease in respiration: 
EKving* also observed an increase in respiration with ether and chlo- 
roform. Ewart® found that chloroform increased the respiratory 
acti^dt3' Elodea. 

On the other. hand, no increase in respiration was observ^ed by 
Detmer,® nor by Bonnier and Mangin.' Tashiro® states that the 
respiration of dr}- seeds imder the influence of anesthetics was de- 
creased. 

In no case where only a decrease was foimd was the time curve 
determined, and it is therefore impossible to say whether there was a 
preliminar}' increase. In Irving’s experiments, where time cur\'es 

' Appleman, C. O., Av:. J. Bot., 191'6, iii, 223. 

® Irving, A. k., Ann. Bat., 1911 , XXV, 1077. 

’Lauren, W., Ijberden Einfluss von Atherdampfen auf die Atmung votf Keim- 
lingen. Dissertation, Helsingfors, 1891 (Bot. Jahresber., 1892, xx, 92). 

* Elfring, Ocfvcrsigi Finska Vclcnsk. Soc. Fork., 1886, xxviii. 

® Ewart, A. J., Ann. Bot., 1898, xii, 415. 

‘Dctmer, W., Landw. Jahrb., 1882, xi, 227. 

Bonnier, G., and ^langin, L., -4;i;;. sc. nat., 1886, cxi, series 7, 16. 

' Tashiro, S., Am. J. Physiol, 1913-14, xxxii, 107. 
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were determined, the periods were usuall}’’ comparativelj’' long, 1 or 2 
hours, and therefore the' complete series of changes in the rate of 
respiration could not be followed. 

The material chosen for these, experiments was wheat, as repre- 
senting the flowering plants. The anesthetic used was ether in 7.3 
and 3.65 per cent solutions, b}’’ volume. 

Wheat seeds were soaked for 12 hours, during which time the 
process of germination enters upon its first stages. Seeds were 
selected which were as nearly alike as possible; twent 3 ’’-five were 
placed in a Pyre.x tube nuth 10 cc. of water containing five drops of the 
indicator, 0.01 per cent phenolsulfonephthalein. The tube was 
closed so that all air was excluded and the seeds themselves acted 
as a stirrer. 

It -was foimd convenient to allow the seeds to give off enough CO 2 
to change the solution from a pH value of 7.78 to a pH value of 7.36. 
This range of color change was arbitrarily selected as definite and 
easy to read, and formed the standard for all the experiments. Tap 
■water which had been boiled to drive off the CO 2 sufficient!}’’ to give 
a pH value slightly higher than 7.78 was used in all cases. At the 
end of each period the liquid was poured out and fresh tap water 
was added. A normal rate of respiration was first estabh'shed by 
repeated determinations,® then the reagent was added and the rate 
again determined. All results were e.xpressed in per cent of the nor- 
mal rate, which was called 100 per cent. 

In these experiments the colors were matched nuth the aid of a 
“Daylight” lamp, which gave a constant source of light. The ex- 
periments were made at room temperature, about 1S-20°C.” 

The stock solution of ether was a saturated solution in tap water 
(containing the indicator of the standard concentration). In order 
to have the solution of the right pH value at the start (pH 7.78), 
two bottles of 7.3 per cent ether were kept on hand;“ these had 
different pH values and by mixing, the desired value was attained. 

® This was taken as the reciprocal of the time required to change the pH value 
from 7.78 to 7.36. 

’“For other details of technique see Paper I (Osterhout, \V. J. Y., J. Gen. 
Physiol., 1918, i, 171. 

” Glass stoppered bottles of Kavalier glass (which does not give off sufEcient 
.alkali to interfere -with the experiment) were employed for this purpose. 
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In 7.3 per cent ether solutions there was an immediate increase 
in the rate of respiration which reached a maximum of 206 per cent 
(106 per cent increase) in 8 to 9 minutes (Fig. 1, Cui^-e A). This 


0 50 lOOMINUTES 

Fig. 1. Cxirves showing the rate of respiration of wheat seeds in 7.3 per cent 
ether solution (Curve A) ; in 3.65 per cent ether (Curve B) ; and in tap water (Curve 
C). Time is reckoned from the beginning of esposure to the ether solutions. 
The normal rate (which is taken as 100 per cent) corresponds to a change from 
pH 7.78 to pH 7.36 in 1.93 minutes for Curve A, in 2.28 minutes for Curve B, 
and in 1.53 minutes for Cur\'e C. Curve A represents the average of ten, Curve 
B of five, and Cuive C of four experiments. Probable error is less than 5 per 
cent of the mean. 
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was followed b)'- a more gradual fall which reached the normal rate in 
43 minutes and continued to fall, so that at the end of 90 minutes 
the rate was only 60 per cent of the normal. 

Some experiments were made to determine the recover}’- after ex- 
posure to 7.3 per cent ether for periods of various lengths. This was 
done by putting the seeds in large Petri dishes to germinate. It was 
found that the seeds would not recover if the period of exposure 
was greater than 30 minutes. Short exposures (up to 8 minutes) 
were stimulating, for growth was more rapid" than the normal growth 
of unexposed seeds, but any exposures beyond 8 minutes resulted in 
a decreased rate of growth up to 30 minutes, after which there was 
no recovery. During the period from 30 minutes to 43 minutes, 
the curve shows that respiration is above normal, but the seeds 
would not recover. This was probably due in part to rapid respira- 
tion after death, such as Haas*- foimd in Laminaria, but it should 
not be inferred that death took place at the end of 35 minutes be- 
cause no recovery was possible after this period. It is more prob- 
able that the seeds were alive at the end of 35 minutes and that 
deatli occurred after removal from the ether solution. 

In the experiments in which 3.65 per cent ether solutions were used 
there was an immediate increase which reached the maximum of 
178 per cent (78 per cent increase) in 13 minutes (Fig. 1, Cunre B). 
This increase was followed by a more gradual fall which reached the 
normal rate in 1 hour, and then fell stiU more gradually below normal 
so that at the end of 140 minutes the respiration was only 81 per cent 
of the normal. In all experiments -ndth 3.65 per cent ether the seeds 
showed by the germination test that the anesthetic did not cause 
death, even after an exposure of 12 hours. 

The 3.65 per cent ether caused a more gradual rise and fall in the 
rate of respiration than the 7.3 per cent ether and the increase was not 
so great. In both cases, however, there was a definite rise followed 
by a fall. 

In 0.73 per cent ether the rise was less than in 3.65 per cent and re- 
covery was possible even after an exposure of 12 hours. 

*2 Haas, A. R. C., Froc. Nat. Acad. Sc., 1917, iii, 688. 
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The consumption of oxj'gen was determined bj' Winkler’s method.*’ 
During an exposure of 30 minutes to 7.3 per cent ether the consump- 
tion of oxj'gen was 145 per cent of the normal (average of four e.xper- 
iments) while the production of COj was 165 per cent of the normal. 

SUMMARY. 

These experiments show that 7.3 and 3.65 per cent ether solutions 
cause an increase in respiration followed by a decrease. The results 
agree with those of Haas'^ on Laminaria, of Gustafson*’ on higher 
fungi, and of Mrs. Brooks*’ on bacteria. 

They do not agree with the theorj- of Verwom that anesthesia is a 
kind of asphj'xia and that it decreases respiration. 

*’ Cf. Osterhout, W. J. V., and Haas, A. R. C., 3. Biol. Chem., 1917, xssii. 141. 

** Haas, Science, 1917, xlvi, 462. 

*’ Gustafson, F. G., J. Gen. Physiol., 1918, i, 181. 

*’ Brooks, M. M., J. Gen. Physiol., 1918, i, 193. 




COMPARATWE STUDIES ON RESPIRATION. 

V. The Effect of Ether ox the Prodhctiox of Carbox 
Dioxide by Axdjals. 

Bv ilARIAN IRWTN. 

[From the Laboratory of Plant Physiology, Harvard University, Cambridge) 

(Received for publication, September 6, 1918.) 

The purpose of this investigation is to make a comparison of the 
CO 2 output of animak with that of plants tmder the influence of a 
tj'pical anesthetic such as ether. One obstacle to such a comparative 
stud}' is found in the fact that the movements of animals are more or 
less inhibited by anesthetics; such inhibition diminishes the COj 
output even when it is not due to anesthetics. Hence it is difficult 
to say how the CO 2 output would be affected by anesthetics if this com- 
plication were absent. This difficulty is largely avoided in my studies 
on frog eggs and Futtdulus embr}'os, while in the investigations on 
tadpoles and on aquatic insects it is partly ob-viated by the method of 
experimentation. 

No attempt has been made to compare the results with those ob- 
tained on animals by other workers, such as those of Tashiro,^ 
because the methods were so different as to render a comparison 
difficult. 

Method. 

The method used in determining the output of CO 2 is the one de- 
scribed by Haas.- The standard buffer solutions were made with 
nuxtures of phosphates. To 10 cc. of the solution, three drops of 0.01 
per cent solution of phenolsulfonephthalein were added; in aU the 
experiments srrfficient NaOH was added to bring the pH value to 
S.O. As the concentration of NaOH was the same in all cases the 

'Tashiro, S., A chemical sign of life, Chicago, 1917. 

- Haas, A. R. C., Science, 1916, xliv, 105. 
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■witii this length of exposure these movements remained practically 
normal. The measurements of the breathing movements were made 
by determining the length of the time necessarj^ to count tv,'enty 
movements. In general the normal mouth movements were about 
twent}' in 11 seconds. On comparing Curves A and 33, Fig- 1, it is 
evident that at these concentrations the decrease in CO; output is 



Fig.' 1. Curves shoiving the effect of ether upon the rate of CO 2 production 
(Curv'e B) and the rate of mouth movement (Curve A) of frog tadpoles. The 
normal rate is taken as 100 per cent in each case. The time of exposure to ether 
was 150 seconds. .Average of six experiments. Probable error less than 2.5 
. per cent of the mean. The figures expressing the per cent of ether should be cor- 
rected by multiplying by 0.73. 

not due to the decrease in the water suppl}- to the gill sj^tem. A 
quantitative measurement of the body movement was not possible 
for the reason that the movements of the tail were in many cases 
too rapid for accurate measurement. However, it may be stated 
that there was no appreciable decrease in the rate of the bod}' move- 
ment at the concentrations in which the retardation of the CO™ 
output took place. Thus, in general it may be stated that the de- 
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crease in COo output takes place in these concentrations before the 
muscular movements are much affected. 

Fig. 2, shows the effect of the 3.65 per cent ether (Curve A) and the 
effect of the 7.3 per cent ether (Curve B) on the COo output. With 

Hale 



Fig. 2. Curves showing the efiect of 3.65 per cent ether (Curve A), and 7.3 per 
cent ether (Curve B) on the COj production of frog tadpoles, and control in tap 
water (Curve C, dotted line). The point marked 0 on the abscissa indicates the 
beginning of exposure to ether for Curves A and B; previous to this the material 
was in tap water (horizontal part of curves). The normal rate (which is taken as 
100 per cent) corresponds to a change from pH 8.0 to pH 7.7 in 50 seconds for 
Curve A, in 43 seconds for Curve B, and in 58 seconds for Curve C. Each 
curve represents an average of six experiments. Probable error less than 2.5 per 
cent of the mean. 

3.65 per cent ether a decrease of 81 per cent took place which was fol- 
lowed by an increase; with 7.3 per cent ether a decrease of 50 per cent 
occurred whicli was followed by an increase, the maximum of ac- 



celeration being about three times the normal; in botJi cases de- 
crease takes place after the increase. The reason the initial decrease 
is less -with 7.3 per cent ether thanitis with 3.65 per cent, is that the 
acceleration takes place more rapidly in case of the former, thus pre- 
venting the further decrease in CO 2 output. 

Both 3.65 and 7.3 per cent ether caused peeling of the cuticular layers 
of the epidermis; this reaches a ma xim u m in 20 minutes in 3.65 per cent 
ether, and in 5.5 minutes in 7.3 per cent ether. During the first 4 min- 
utes in 3.65 per cent ether no peeling was obser\"ed. It might be sup- 
posed that this peeling causes an apparent increase in CO 2 production 
by allowing the CO 2 to escape more freely. However, the extent of 
the peeling seems to be the same in both the 3.65 and the / .3 per cent 
solutions, although the acceleration in the CO 2 output in the former 
concentration is much greater than the latter. This difference can- 
not therefore be wholly due to the peeling of the skin. 

Both the breathing movements and the body movements cease at 
these concentrations in less than 10 seconds after immersion of the 
tadpoles in the solutions. This might be thought to account for the 
drop in the rate of CO 2 output, but in \’iew of the fact that we find a 
similar drop in Fig. 1, where the movement remained normal, we are 
obliged to conclude that the cessation of the muscular movement can- 
not account entirely for the falling off in the CO 2 output. This con- 
clusion is confirmed by the experiments on frog eggs. 

Aquatic Insects. 

In order to avoid the disturbances due to the peeling of the epi- 
dermis, an aquatic insect was chosen. This is the common whirhgig 
beetle, Diueutes assimilis Aube. It possesses a chitinous covering 
which prevents ‘any peeling. 7.3 per cent ether solutions were used. 
Fig. 3, Curi'e A, shows a 94 per cent decrease in CO 2 output, after 
i\hich an increase takes place followed again bv a decrease. 

The acti\4ty of these insects is much greater than that of tad- 
poles and a correspondingly greater drop in CO 2 output is to be 
expected as the result of anesthesia. 
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Fig. 3. Curves showing the effect of 7.3 per cent ether (Curve A) on the COi 
production of an aquatic insect (Dinentes), and control in tap water (Curve B, 
dotted line). The normal rate is taken as 100 per cent. The point marked 0 
on the abscissa indicates the beginning of exposure to ether for Curve A; previous 
to this, the material was in tap water (horizontal part of curves). The normal 
rate (which is taken as 100 per cent) corresponds to a change from pH 8.0 to pH 
7.7 in 38 seconds for Curve A and in 41 seconds for Curve B. Each curve repre- 
sents an average of six experiments. Probable error less than 2.5 per cent of the 
mean. 
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Frog Eggs. 

In order to check the above results, frog eggs in the blastopore 
stage vrere chosen. The CO 2 output of the jelly (free from any traces 
of eggs) was first tested. It was found that in the time. required for 

Bale 



Fig. 4. Curves showing the effect of 7.3 per cent ether (Curve A) on the CO 2 
production of frog eggs, and the control in tap water (Curve B, dotted line). 
The normal rate is taken as 100 per cent. The point marked 0 on the abscissa 
indicates the beginning of exposure to ether for Curve A; previous to this the 
material was in tap water (horizontal part of curves). The normal rate (which is 
taken as 100 per cent) corresponds to a change from pH 8.0 to pH 7.7 in 157 
seconds for Curve A and in 142 seconds for Curve B. Each curve represents an 
average of six experiments. Probable error less than 2.5 per cent of the mean. 

the e.xperiments, no appreciable change in the pH value took place, 
tlius prot-ing that the jelly contains no organisms respiring sufficiently 
to interfere with the accuracy of the experiments. Fig. 4, Curt'e A, 
shows a 44 per cent retardation, followed by an increase in the rate 
of the CO 2 output. There was no disintegration of any portion of the 
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eggs which might correspond to the peeling of the epidermis in case 
of tlie tadpoles, but owing to the presence of cilia, the decrease in CO 2 
output may be partly influenced by the cessation of ciliarj'^ move- 
ment as result of anesthesia. 

Fundtihis heterodihts. 

In order to understand the true nature of the effect of the production 
of CO 2 by animals it was necessary to avoid completely the disturb- 
ances due to ciliary and muscular movement, and to peeling of the 
skin. The embryos of the fish, Funduhis lieleroclilus, 2 days old, 
were chosen for this purpose; at this stage of embryonic develop- 
ment there are no muscles, no cilia, and no skin, and furthermore 
the heart beat has not yet commenced. 1 day before the experi- 
ment was carried out, the jelly surroimding the membrane was 
removed, so that the embryos would not adhere to each other during 
the course of experimentation. 

Fig. 5, Curve A, shows the effect of 0.73 per cent ether solution on 
the CO 2 production of the fish embryos. A gradual decrease takes 
place to about 46 per cent of the normal, after which the rate remains 
almost constant during the rest of the experiment. Fig. 5, Curve B, 
shows the effect of 3.65 per cent ether solution. ’ There is a slight de- 
crease at first, which is followed by an increase of carbon dioxide; this 
is succeeded by a decrease. Curve C shows the effect of 5.48 per cent 
ether; a tremendous increase of the carbon dioxide output takes 
place. If there is any decrease at the start it must be so brief as 
to escape observation. The rate soon reaches a maximum, after 
which it falls rapidlj% 

During the increase in 3.65 per cent and 5.48 per cent ether the 
embryo becomes graduall}'^ more opaque; this process begins to be ob- 
servable after 20 minutes in 3.65 per cent ether and after 4 minutes 
in 5.48 per cent ether. 

These experiments show that a decrease in the carbon dioxide out- 
put may take place as a direct effect of the ether on the protoplasmic 
substance, when complications due to motion are excluded. This 
effect may play a part in the phenomena observed in the pre^dous ex- 
periments (on tad poles, aquatic insects, and frog eggs) where the 
cessation of motion is involved. 
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With tadpoles and Fundulus embrj'os the effect of ether at a con- 
centration of about 0.73 per cent is reversible. The Fundidiis em- 
bryos recover, as shown by their subsequent growth and normal de- 
velopment. The tadpoles also recover, as shown by their subsequent 
normal respiration. The increase in carbon dioxide production in 3 .65 

Bale 



Fig. 5. Curves showing the effect of 0.73 per cent ether (Curve A),3.65 per cent 
ether (Cun'e B), and 5.48 per cent ether (Cun-e C), on the CO- production of 
Fundulus embr>-os, and control in tap water (Curve D, dotted line). The point 
marked 0 on the abscissa indicates the beginning of exposure to ether for Curves 
A, B, and C; previous to this, the material was in tap water (horizontal part of 
curves). The normal rate (which is taken as 100 per cent) corresponds to a change 
from pH 8.0 to pH 7.7 in 128 seconds for Curve A, in 119 seconds for Curve B, 
in 176 seconds for Curve C, and in llljseconds for Curve D. Each curve rep- 
resents an average of six e.xperiments. Probable error less than 2 per cent of the 
mean. 

and 7.3 per cent ether is accompanied by irreversible changes leading 
to death. If Fundidus embryos were removed from the ether about 
75 seconds after the increase began in 3.65 per cent ether, they failed 
to recover. In tadpoles the recovery is no longer possible 47 seconds 
after the increase has begun. In frog eggs similar results were 
obtained. 
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per cent and 7.3 per cent ether, an increase in the carbon dioride 
production takes place, the efiect being irreversible. This is differ- 
ent from the effects usually found in plants. 

stnmARY. 

1. The experiments on frog tadpoles show that with 0.15, 0.37, and 
0.55 per cent ether solutions there is a decrease in CO 2 output. The 
effect is reversible. With these concentrations the breathing move- 
ments and body movements remained normal during the experiment. 
In 3.65 and 7.3 per cent ether there is a decrease of respiration fol- 
lowed by an increase which in turn is followed by a decrease. The 
increase may reach about three times the normal rate. The in- 
crease in the CO; output is accompanied by the peeling of the skin. 
The effect is irreversible. 

2. Experiments on an aquatic insect, Diveutes assimiJis Aube, 
show that in 7.3 per cent ether there is a decrease followed by an in- 
crease which in turn is followed by a decrease. There is no apparent 
disintegration of structures in the organism accompanying the in- 
crease. The effect is irreversible. 

3. The experiments on frog eggs with 7.3 per cent ether show a re- 
sult similar to that found in aquatic insects. 

4. Experiments on Fundidus embrj' os show that with 0.73 per cent 
ether there is a reversible decrease in the rate of CO 2 production. 
In 3.65 per cent ether there is a temporary decrease followed by an in- 
crease, after which the rate begms to fall off. In 7.3 per cent ether 
there is an immediate increase amounting to 307 per cent which is 
followed by a decrease. The increase in the 3.65 and 7.3 per cent 
ether is accompanied by irreversible changes leading to death. The 
decrease found m 0.73 per cent ether is not sufficient to cause narcosis, 
as is shown by experiments on which the same decrease is produced 
by lowering the temperature. 

5. These experiments show that narcosis is not due to asphyxia. 
The action of anesthetics is due to some other cause th ^n the effect 
on respiration. 

There is a difference between the animals studied and the plants 
described in this series of articles, since in animals the increase in the 
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CO2 output is accompanied by irreversible changes leading to death, 
while this is not necessarily the case in plants. The reversible (nar- 
cotic) action of ether on the animals studied was accompanied by a 
decrease in the carbon dioxide output; in plants this is not ordinarily 
the case. 

These facts are of considerable interest, but their interpretation 
must be left to future investigation. 
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Rope is a condition of bacterial decomposition of bread which 
leads to a peculiar slimy or ropy consistency of portions of the in- 
' terior of the loaf, produces an odor resembling that of ensilage, and 
renders the loaf imacceptable. During summer months the loss of 
bread through the development of rope may be very great, and in- 
di^idual bakeries may become so thoroughly infected that they can be 
operated only nith great difficulty. 

Several closely related organisms have been isolated from ropy 
bread, some or all of which are undoubtedly the effective agents of the 
decomposition.'"’ 

All varieties of bread appear to be liable to this decomposition within 
24 hours or more after baking, but it has been stated that those con- 
taining a considerable quantity of material other than white flour 
are most often infected. For many years it has been customary to 
add lactic add, acetic add, or some other add substance to the dough 
as a means of repressing the growth of the organism. Under favor- 
able circumstances this method of treatment may be ver>’- satisfactorj-; 
but it is always carried out by rule of thmnb, and there is at present 

* Published with the permission of the Surgeon General. 

' Lafar, F., Handbuch der technischen Alykologie, Jena, 1905-08, ii, 520. 

’ Fuhrmann, F., Vorlesungen uber tcchnische Mykologie, Jena, 1913 , 257; 
Ccntr. Baktcriol., 2le .4bt., 1906, tcv, 385, 538. ’ ’ 

’ Beattie, J M., and Lewis, F. C., Lancet, 1917, ii, 211 
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no general agreement as to the kind or quantit}^ of acid that should 
be employed, or the scientific explanation of its action. 

The present investigation has been upon a strain of Bacillus mescn- 
iericus isolated from a rop}”- loaf and characterized b}^ one of us. In 
addition tliree other cultures, from two other sources, have been 
examined and appear to be identical. 

The bacteriological study of the bacillus, which belongs to iheBacillns 
mesentericus group, is not completed and tliere has been no opportunity 
for comparison with cultures from other sources. Since a number of 
bacteria, all probabty closel}^ related, have been described as causes 
of ropy bread and since the bacteriological data are meager and not 
recent, it seems best, for the present, not to name the organism iso- 
' lated in this \'icmity. Its relationship to the production of character- 
istic rope has been proved be 3 mnd question, and the four cultures 
from three different local sources are identical. 

The bacillus is a motile. Gram-positive, spore-bearing bacillus. In 
24 hour cultures on plain agar its dimensions average 2.5 microns by' 
0.5 to 0.75 microns. The ends of the rods are roimded. The spores 
are ovoid in shape and are situated approximately in the middle of 
the bacilli. The width of the spores slightly exceeds that of the rods 
and they measure 0.5 to 1.75 microns by 0.75 to 0.85 microns. The 
spores are produced in great abimthince in cxdtures less than 24 hours 
old and are extremel}'' resistant to boiling. 

The bacillus is a strict aerobe. It grows readily on all ordinary 
media, resulting in a decrease of acidity. Coagulated blood serum is 
completely liquefied. Litmus milk is rapidly curdled and liquefied. 
The litmus is reduced in the depths of the medium but at the sur- 
face the color becomes deeper blue. Cultures in agar are odorless, 
but in wheat fiom: media the characteristic odor of rop 3 ’’ bread is 
produced. 

The colonies on agar media are flat, finety granular, dull white or 
gra 3 dsh, with irregular margins. In 24 hours the colonies become 
vTinkled or throvm into coarsety irregular elevations, and the mar- 
gins become convoluted or arborescent. Colonies several days old 
develop a brovmish tint which is more marked upon media contain- 
ing carboh 3 ^drates. On liquid media a wrinkled and convoluted 
pellicle is formed; turbidity develops slowly, and begins beneath the 
surface pellicle. 



The optimum tempera tme is about 38°C. At ordinar}'^ room tem- 
peratures (20-24°C.) grov.-th is very slight. 

The action on bread was studied by the inoculation of baked 
loaves and by the incorporation of cultures in the dough. In both 
cases the bread was incubated at 37.5°C. and examined after 24 or 
36 hours. The rope produced by addition of the pure cultures was 
identical in physical properties and odor with that of the bread 
from which the cultures were isolated. 

In all instances the softening occurred just in the centers of the 
loaves and progressed outwards. The foci of softening in bread took 
on a brownish tint and became sticky, and particles on separation 
jnelded delicate threads of from a few inches to 6 or 7 inches in length. 
In the case of cultures introduced with considerable amounts of 
liquid media a camty was produced. In bread or dough to which 
acid was added the softening and odor were less pronounced and were 
finall}' suppressed at a h 3 'drogen ion concentration of approximately 
10““N. In acidities sufficient to retard the growth of the organism 
the discoloration of the softened foci did not occur. 

The original loaf was softened and discolored, and slowly developed 
the characteristic slimj- and \iscous condition. Examination of an 
aqueous extract of a decomposed portion of this loaf -v^-ith the con- 
centration cell revealed a marked diminution of aciditj*, — from ap- 
proximately pH 5.3, characteristic of normal bread, to pH 6.2. Other 
specimens gave the following values for pH; 6.5, 6.1, 6.3. 

As a resffit of these observ-ations we were led to a studj' of the 
relation between hj’’drogen ion concentration and the growth of the 
organism. 

Three cultme media were prepared; a sjmthetic medium known as 
Cohn’s solution, a potato medium, and a wheat paste.- These media 
were then dh-ided into portions, acid or alkali was added to bring these 
^ to different hydrogen ion concentrations, they were sterilized, and 
finally inoculated with a culture of the organism, or of the spores. 

The accompanj-ing cur^-es of the variation in hj'drogen ion concen- 
tration of these media during titration will indicate the general char- 
acteristics of the preparations, and may perhaps sen'e others as a 
basis for similar work. 
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Preparalion of the Media. 

Cohn’s Medium 'xith the Addition of Asparagine. , q 

o's “ 

5.0 “ 

10.0 “ 

AnuHoniuni tartrate a 0 '* 

Asparagine 1,000.0 cc. 

TSiSi”® -«bed „d feoived 'm'iba »d alttr t.bi.g ™e 
Stewed 1 the autoclave at 15 pounds pressure for 30 minutes. 

Wheat Bouillon. 

15.0 gm. 

UTieat flour q g « 

I'o “ 

15 0 “ 

'Dtstiost 1,000 .0 cc. 

Tte'iheatTom'ivas' added arter solution of the other ingredients and the 
vrhole boUed for a fev minutes, tubed, and sterilized m the autoclave at lo 
Dounds oressure for 30 minutes. 

Potato Broth.— Ts^o parts of water to one of freshly grated raw potatoK were 
mked and aUowed to stand for 24 hours. The mkture was then stramed through 
cloth and the liquid filtered through coarse filter paper, tubed, and stenlmed at 
15 pounds pressure for 30 minutes. It was not considered of importance to 
avoid the precipitate which occurred. 


The cultvires were incubated for 5 da>^; meanwhile they were ob- 
served daily, and finally both inoculated tubes and controls were 
examined for their hydrogen ion concentrations. The results of this 
experiment are presented in Table I. It should be noted that the re- 
sults with the wheat paste were uncertain. This appears to be due 
to its lack of homogeneity, and low bufier content. It is also to be 
obsers'ed that the spores are, as might be expected, somewhat more 
restricted in growth than the organisms themselves. 

A second experiment was performed over a narrower range of hj'- 
drogen ion concentration, the results of which, presented in Table IT, 
agree satisfactorily with those of the first experiment. 

From these experiments it seems safe to conclude that a hydrogen 
ion concentration sensibly higher than completely inhibits the 

growth of Bacillus vieseniericus. 



Growth of Rope at Different Hydrogen Ion Concentrations, 
Experiments 668 and 685. 
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In order to test this conclusion upon bread itself a series of loaves of 
different hydrogen ion concentrations were prepared with the co- 
operation of Messrs. C. F. Hathawa}’’ and Sons of Cambridge. These 


TABLE IT. 

Growth of Rope at Different Hydrogen Ion Concentrations. 
Experiments 686 and 700. 




Cohn’s solution. 



0 

0 

1 

0 ! 

0 

0 

0 

0 

0 

0 

0 

0 

0 

+ 

4' 
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+ 1 

0 

+ 

++ 

++ 

++ 

++ 
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0 

0 

0 

0 

0 

0 
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+-t- 

i+d- 

++ 

i++ 

0 
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"f* 

;+ 

-f- 
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0 1 



Potato broth. 
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TABLE m. 


Groivth of Rope in Bread, htocidalion After Baking. 


Loaf No. 

pH 

Growth of organisms. 

12 

4.31 

0 

9 

4.55 

0 

5 

4.77 

0 

8 

4.81 

+ 

10 

4.87 

0 

11 

5.07 

+ 

6 

5.09 

f 

“T 

7 1 

5.25 


1 

5.28 

6* 

2 

5.35 

++ 

3 

5.44 

++ 

4 

5.47 

++ 


* Large buffer content. 


In order to reproduce more closely the actual conditions of baking 
another series of loaves tvere baked in our own laboratory from dough 
to which 1 cc. of a culture of the organism per loaf of bread had been 
added. The results of this experiment are given in Tablfe IV. 

TABLE RL 


Growth of Rope in Bread. Inoculated Before Baking. 


Loaf No. 

0.5 K lactic acid added 
to dough. 

pH 

Growth. 

Before baking. 

After baking. 


cc. 




1 

0 

5.30 

5.38 

+4- 

2 

1.0 

5.24 



3 

1.6 



+ 

4 

2.4 




5 

3.2 

4.98 


0 

6 

4.0 

4.94 

4.98 

0 


Taking account of these facts and of the observation which we have 
made in another connection, that wheat substitutes are commonly 
less acid than wheat flour and often contain larger amounts of buffer 
substances, it seems safe to conclude, first, that the development of 
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animal contains a nen’^e net and hence may sen’^e as a region in which 
to measure the rate of transmission in that tj^pe of ner^'^ous tissue. 

The method employed in this procedure was that long since used 
in the measurement of ner\^e rates. A stimulus was applied to the 
distal end of the tongue (Fig. 1, 2), and the time intervening between 
the moment of application and the moment of response was measured. 
The stimulus was next applied at the root of the tongue (Fig. 1, 3), 
and the time between the moment of application and the moment of 
response was again measured. The difference between the amounts of 
time consumed in these two operations represents the time necessary 
for the transmission of an impulse from the distal end of the tongue 



Fig. 1. Oral view of a Mclriditim showing the tongue of tissue cut from the 
pedal margin of the column, the three points of stimulation, 1 , 2 , and 3 , and the 
region of the lip into which the hook was inserted. 

to its root, a distance that is easilj’- measured and that thus affords 
a basis for the determination of a rate. 

The records of the several operations necessary in these measure- 
ments were made in the usual v,'a.y on a kymograph. Time was re- 
corded by a marker actuated b 3 ' an electrically driven tuning fork 
at the rate of 50 \dbrations per second. The moment of appl 5 dng 
the stimulus was recorded by a second marker which was activated 
electrically from the same switch through which the stimulating cur- 
rent was sent. This consisted of a faradic current that was disa- 
greeabl}’’ strong to the human finger. It was applied by appropri- 
ate electrodes to the portion of the pedal edge of the sea anemone 
that was to be stimulated. This edge, as is well known, is extremely 
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sensitive to mechanical contact but only moderately so to electrical 
stimulation. It was, therefore, important to place the electrodes m 
position without disturbing the animal and to stimulate with the 
electric current only after all possibility of mechanical disturbance 
had been passed. The response of the animal was recorded on the 
drum of the k>Tnograph by a delicate heart lever which was attached 
by a thread and hook to the lip of the sea anemone. As a matter of 
good fortune the lip of Mclridium. is extremely insensitive and a 
hook may be passed through it and drawn up lightly without calling 





Fig. 2. ^mograph record in which the lowest line represents time in fiftieths 
of a second, the middle line the moment of application of the stimulus, and the 
uppermost line the response of the sea anemone. The stimulus was applied at 
position 1 (Fig. 1). 


forth any particular response on the part of the animal. With this 
attachment the slightest contraction of the longitudinal muscles of 
the mesenteries was easily observed. 

Large specimens of Melridium were allowed to attach themselves 
to sheets of glass about 15 cm. square. After they had firmly fixed 
themselves, each one was subjected to the following procedure. 
After the necessarj- connections between the animal and the kymo- 
graph were made, an electric stimulus was applied to the pedal edge 
of the column and the normal reaction time, as indicated by the re- 
traction of the oral disc, was determined (Fig. 2). The long tongue 
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of tissue was then cut from the pedal edge (Fig. 1). After tlie sea 
anemone had reexpanded, the stimulus was applied to the distal end 
of this tongue and the time between tlie moment of. application of 



Eig. 3. Kymograph record. Stimulus applied at position 2 (Fig. 1). 



Fig. 4. Kymograph record. Stimulus applied at position 3 (Fig. 1), This 
record is from a set not included in Table I. 

the stimulus and the moment of response was determined (Fig. 3). 
The stimulus was next applied to the base of the tongue and a second 
determination was made (Fig. 4). Three sets of these three deter- 
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min'ations ■were made from each animal. After these steps had been 
taken the glass plate to -which the sea anemone -was attached -n-as 
turned over and the length of the tongue from one point of stimu- 
lation to the other -was measured. In preparing the tongue it was 
found easy to leave the tissue attached to the glass plate to which 
the sea anemone as a whole had attached itself and thus to facihtate 
greatly the measurement of the length of the tongue. The results 
of these measurements on three animals, A, B, and C, are given in 
Table I. 


TABLE I. 

Reaction times are expressed in hundredths of a second of three specimens of 
Metridinm, A, B, and C, to faradic stimuli applied to the pedal edge of the 
column at points 1, 2, and 3 (Fig. l) and responded to by the contraction of 
the longitudinal mesenteric muscles. The readings were made in fiftieths of a 
second, but for convenience in tabulation they have been converted into hun- 
dredths of a second. The rates of transmission, as caloilated from data con- 
tained in the table, are given for the three animals in the lowest line in the 
table. During experimentation the animals were kept in sea water at a tem- 
perature of 21°C. I 


Specimen. 

A 

B 

c 


Observa* 

tions. 

Averages. 

191 

Averages, 

1 Observa- 
1 tions. 

Averages- 


ttc. 

see. 

sec. 

stc. 

sec. 

see. 

Reaction time from point 1. 

0.60 


0.64 





0.62 


0.62 


BE3 



0.58 

I 0.600 

0.66 

0.640 

0.58 

0.553 

Reaction time from point Z. 

1.48 


1.98 

1 

1.40 



1.36 


1.66 


1.50 



1.64 

1.493 

2.04 

1.893 

1.46 

1.453 

Reaction time from point 3. 

0.56 


0.66 


0.54 



0.68 


0.58 


0.60 



0.60 

0.613 

0.68 

0.640 

0.50 

0.547 

Time between points 2 and 3, see. 

O.SSO 


1 .253 


0.906 

Distance from point 2 to point 3, sr.m. 

119 


152 


132 

Rate per sec., mn. 

135-r 


121-i- 


146- 
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In Specimen A the average reaction time over the tongue of tissue 
was found to be 1.493 seconds and from the root of the tongue 0.613 
seconds, which agrees ver};- cbsely ndtli that of the intact animal, 
0.60 seconds. The time consumed in transmission over the* tongue is 
the difference between 1.493 and 0.613 or 0.880 seconds. As the 
length of the tongue between the points stimulated was 119 mm., 
it follows that the rate of transmission was a litde over 135 mm. per 
second. By a similar method of procedure the rate in Specimen B 
was determined to be 121 mm. per second, and in Specimen C 146 
mm. per second. 

These rates are relatively low compared until even the lower rates 
alreadj’’ determined for transmission in the nerve fibers of metazoans, 
but tliis is not surprising, for the nerve net has generally been sup- 
posed to be a less rapid and efficient organ of transmission than the 
nerve trunk. The rate is lower than that given by Romanes (1878) 
for what he calls the stimulus wave in Aurelia, namely 9 inches or 
about 229 mm. per second, and is much lower than that given by 
Harve}' (1912) for the contraction wave in Cassiopca, some 775 mm. 
per second. In both these instances, however, the rates measured 
‘refer to waves of muscular actiidty and though these waves very 
probabty reflect accuratel)’’ the rate of nenmus transmission, they are 
not free from complications uith possible muscular transmission, 
whereas the rates derived from Metridium are. The measurements 
taken on Cassiopea were made at Dry Tortugas, Florida, where 
the sea water is relativel}’’ warm, a condition wliich, as is well known, 
increases the rate of transmission. At Woods Hole, h'lassachusetts, 
where the measurements on Metridium were made, the sea water in' 
which tlie sea anemones were immersed during experimentation had a 
temperature of 21°C. 

CONCLUSION. 

Nerve net transmission in Metridium at 21°C. varies from 121 to 
146 mm. per second. 
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INTRODUCTION. 

In order to understand the influence of the hj^drogen ion concen- 
tration upon the chemical and physical behavior of proteins we may 
well keep in mind the role of the hydrogen ion concentration upon the 
reactions of an amphoteric metal hydroxide, like aluminium or chromic 
hydroxide, whose chemical constitution is better known than that of 
the proteins. 

“Aluminium hydroxide dissolves in acids. From its solution in hydrochloric 
acid, an aluminium salt, aluminium chloride AlCb. 6H»0. is obtained. It also 
combines with strong bases, dissolving for instance in a solution of sodium hv- 

droxide and forming an aluminate, Na.AlO: .According to the best knowledge 

we have on the subject, the molecule of aluminium hydroxide has the following 
structure or arrangement of its atoms .Al(-0-H)3. It is readily seen that the 
cleavage of the molecules may produce, either aluminium and hydroxide ions, 
characteristic ions of a base, or aluminate and hydrogen ions, characteristic ions of 
an acid : 

A1+++ + 3 OH .\1 (-O-H), .AlO; -f H+ -i- HiO.”i 

It is obxnous tliat between the action of adds and of bases producing 
these two tj-pes of electrolytic dissociation there must be one hydrogen 
ion concentration in which aluminium hydroxide is practically neither 
able to form Al-^++ nor AlOe ions, and this would be the isoelectric 
point. 

* Sticglitz, J., The elements of qualitative chemical anal.vsis. New York, 1911 
171. ' ’ 
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We may apply the experience gained from aluminium hydroxide 
to proteins which are also amphoteric electrolytes and for some of 
which the exact location of the isoelectric point is known. For gela- 
tin it lies at pH = 4.7. In a previous paper^ it was shown tliat 
when pH > 4.7, gelatin is only able to dissociate as gelatin (capable 
of combining with metals to form metal gelatinates, e.g. sodium gelat- 
inate); when pH < 4.7, gelatin is only capable of dissociating as 
gelatin (capable of combining with anions to form, e.g., gelatin chlo- 
ride). At die isoelectric point it is practically not dissociated at aU. 
There is this difference between amphoteric electrolytes of the tj^ie 
of proteins and that of metal hydroxides, namely that in the case of 
proteins the OH ions and the H ions are attached to different 
groups in the molecule. 

We also have shown that a metal gelatinate must give off its metal 
ion when the hydrogen ion concentration is raised beyond that of the 
isoelectric point;, and that a gelatin-anion compound must give off its 
anion when the hydrogen ion concentration is lowered below that of 
the isoelectric point. At the isoelectric point gelatin cannot be in 
combination with either anion or cation and such gelatin free from 
iouogenic impurities we designate as pure gelatin. It would thus 
appear that we can free proteins and amphoteric colloids in general 
from ionogenic impurities by bringing the ampholyte to its isoelectric 
point. Such impurities, however, as form part of the complex gel- 
atin ion can, of course, not be removed by tliis method. In this 
and some following papers we intend to furnish additional proof 
for the correctness of these ideas. This can be done by making the 
gelatin combine with such ions as Ag or Br or CNS, etc., whose quan- 
tity can be easily determined volumetrically. 

The Combination of Cation with Gelatin. 

In all experiments in which the chemical or ph 3 'sical influence of an 
electrolyte upon an amphoteric colloid is to be investigated it is neces- 
sary to remove the excess of electrolyte after it has had time to act 
on the colloid; and the writer has shown that the neglect of this pre- 
caution has caused a good deal of the confusion which prevails in the 

- Loeb, J., J. Gen. Physiol., 1918, i, 39. 
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. t 1 ’4. ■R't* iiQiricr ordS-tlD. IB tll6 COnditlOB of B. 

T^^oTvofd^i gelatin for 30 minutes at 20 or 15° 

1 nn M /1024 HCl or HNO3, and then wash the gelatin on 

r Z o, acM, .= obtain a gelatin ^tb pH 

S about 4 7 ; f.e., of the isoelectric point. When we use a ^gher con- 
centration than 3 11/1024 HCl, we get a pH< 4. / , and a gelatin which 
is on the acid side of the isoelectric point 

as cation- when we use an acid less concentrated than 3 m/ 102 ^i^ et 
after the e.xcess of acid is washed away a gelatm whose pH > 4./ 
and which being on the alkaline side of ite isoelectnc point can act 
only as an anion and can combine only with a. cation. _ ^ 

In order to get clear results it is well to work with a senes of dif 
ferent concentrations of an acid, e.g. ii/4 11/8 , m/ 16 ete., to m/ 8192 
HCl or HNO3, so that we obtain series of gelatm solutions with dif- 
ferent pH on either side of the isoelectric point. After the excess of 
acid is washed away by several perfusions with H3O, the gelatin is 
perfused three times with 25 cc. of the same solution of a salt, e.g. 

■ m/8 NaBr or m/8 NaCNS or m/ 16 AgHOs, to bring about a reaction 
between salt and gelatin. It is necessary to stir up the gelatm on the 
filter while the salt solution is poured on to bring about as complete 
a contact between the powdered particles of gelatin and salt as pos- 
sible. After the salt solution has drained ofi, the excess of salt is 
■ washed away by six perfusions with 25 cc. of H-O each. The gelatin 
is then melted and made into a 1 per cent solution whose pH is deter- 
■ mined and which is then analyzed for Br or silver, as the case may be. 
We shall describe some of the results obtained by this method. 

1 gm. of finely powdered gelatin is put for 30 minutes at 15 C. into 
each of a series of beakers containing 100 cc. of HISO3 varjdng from 


m/8 to m/8192 -, and into onebeaker containing 100 cc. of distilled water 
ser\dng as a control. The gelatin is then put on a filter, washed, and 
is perfused three times with 25 cc. of m/16 AgN03 in the way de- 
scribed, and subsequently six tunes with 25 cc. of H^O to wash away 
the excess of AgXOs. The swelling is measured while the gelatin is 
still in the cylindrical funnel, and the gelatin is melted and made into a 
1 per cent solution. Tins part of the e.xperiment is of course carried 
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out in a dark room. Then tlie pH is determined, and 25 cc. of the 
solution are used to determine the quantity of silver in combination 
vidth the gelatin, according to Volhard’s method. 

Fig. 1 contains two curves the abscissae of which are the logarithms 
of the concentrations of HNO3 vdth which the gelatin was originally 



pH 36 36 38 39 41 43 46 47 50 53 57 61 61 64 

-^AgNlh 

Fig. 1. Gelatin treated with different concentrations of HNO 3 , from it/S to 
m/8192, washed, and then treated with the same concentration of AgNOs (m/16), 
and then washed again. Abscissas show concentrations of acid used. The final 
pH of the gelatin solution is found under the figure for the concentration of 
acid used. 

The ordinates of the lower cun'e give the values for the silver found in com- 
bination with the gelatin. The curve shows that at the isoelectric point (pH = 
4.7) and on the acid side of the isoelectric point, the gelatin was practically free 
from silver. On the more alkaline side the amount of silver found in combination 
with the gelatin increased with the pH. This proves that gelatin can combine 
with a cation only on the alkaline side from the isoelectric point, and tliis is corrob- 
orated by the fact that on the alkaline side from the isoelectric point only was the 
gelatin darkened by light. The ordinates of the upper curve are the values for the 
swelling of the same gelatin. On the alkaline side from the isoelectric point, 
where the gelatin had combined with silver, the curv’^e for swelling runs parallel 
to the curve for silver gelatinatc formed. It was, therefore, the relative mass of 
silver gelatinate formed which determined the phj'sical properties of gelatin. 
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Fig 2 Photograph of the gelatin solutions whose ^r^-es are contained in Fig^ 
1 taken a week after the experiment was made. The gelatin riath a pH > 3^0 
turned dark brown in a few hours when exposed to difiused dayhght, wh e t e 
gelatin .ath a pH ^ 4 .7 was not affected by light after an exposureof over a week. 
The photograph also shows that owing to the precipitate m suspension the tubes 
containing the gelatin at the isoelectric point, pH - 4.6 and 4./, were more 
whitish than the rest, which were slightly yellow. 


amount of ionic silver in combination with platin rises m a regular 
curve increasing in height with the increase in pH. 

90 cc of each gelatin solution were put into a test-tube and exposed 
to”thc Imht. The five test-tubes that had been treated with ii/lOlT 
or less concentrated HCl turned rapidly dark or black in the light, 
while none of the others did, even when made shghtly alkaline and 
though the e.xposure lasted for more than a week. The gelatin treated 
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with 3 Ji/1024 acid (pH = 4.7) was quite opaque but remained per- 
•fectl}^ white; while the test-tube treated with jr/256 was onh' sliglitly 
opaque but remained also practical^ Avhite. This shows that the gela- 
tin treated with 3 ji/1024 and whose pH was 4.7 was also entirely free 
from ionized silver. Fig. 2 is a photograph of these test-tubes. This 
experiment Avas repeated several times with the same result. It is a 
Amry striking demonstration experiment. 

On the more acid side, AAdiere the gelatin was free from sih^er, the 
gelatin existed as gelatin nitrate as we shall prove presently. This 
then shoAVS that at the isoelectric point and on the acid side from the 
isoelectric point a cation cannot combine Avith gelatin, Avhile on the 
more alkaline side from the isoelectric point such a combination 
occurs. 

Table I girms the cc. of 0.01 n Ag found in combination with 0.25 
gm. of gelatin. 

TABLE I. 


Cc. 0.01 x .A" in combination with 0.2 .a gm. of gelatin at different pH. 
















































The small A^alues of 0.2 cc. or cA-en 0.5 cc. found in the gelatin on 
the acid side from the isoelectric point are due to incomplete remoA^al 
by Avashing; an increase in the number of Avashings Avould probably 
haA'^e removed these traces also. Where 0.5 or less cc. of 0.01 m Ag 
AA'as found in 0.25 gm. of gelatin, light no longer blackened the gela- 
tin. As soon as pH became greater than 4.7 the A'alue of Ag found 
rose suddenly. 

Fig. 3 represents the physical properties of gelatin treated first 
Avith m/16 AgNOa and then brought to different hydrogen ion concen- 
trations b)' treatment AAuth different concentrations of IIFTO.?. 1 gm. 
of poAA'dered gelatin was first put for 30 minutes into 100 cc. of m/16 
AgNOa (pH about 6.9) and the excess of salt Avas then AA’ashed aAvay 
(in the manner described). Then each gm. of gelatin aa’us perfused 
three times Avith a definite concentration of HNO 3 and the excess of 
acid Avas Avashed avA’ay by four perfusions Avith distilled Avatcr. The 





RcgiCn of_ 
GcIatin-NCh 


Isodccfric 
point 
Pure gelatin 


■Region of 
Ag-GcIMitie'e 



Rctahi ctecT in Turn tljcRin ligh: 

cratusea 4 6 I6 52 64 tZB 2K ES ca z:« tC5 


pH ao 32 34 16 16 « « 5i2 5J E2 E4 « 

-^AsNOs 


Fig. 3. Gelatin treated first with m/16 AgNO,, washed, then treated with dif- 
ferent concentrations of HNOj, and washed again. Curves for conductivitv. 
osmotic pressure, alcohol number, and swelling. On the right from the iso- 
electric point the gelatin e.xists as silver gelatinate, on the left as gelatin nitrate, 
and at the isoelectric point as pure, sparingly soluble gelatin. 
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swelling of the gelatin was measured while it was in the cylindrical 
funnel and the height of the column of gelatin in mm. expresses the 
degree of swelling, all the funnels haxdng the same diameter. The 
gelatin was then melted, made into a 1 per cent solution, and the con- 
ductivity, osmotic pressure (in mm. of the height of the gelatin solu- 
tion), alcohol number (cc. of 95 per cent alcohol required to cause a 
definite degree of precipitation in 5 cc. of 1 per cent gelatin solution) 
were determined. There is an abrupt fall in all the curves near pH 
4.6; i.e., at about the isoelectric point, and a rise on both sides. On 
the right from the isoelectric point (pH > 4.7) the gelatin exists as 
silver gelatinate, while on the left, more acid side from the isoelectric 
point (pH < 4.7) the gelatin exists as gelatin nitrate. At the iso- 
electric point it exists as non-ionized gelatin. Tliis was proved by 
exposing the gelatin solutions to the light after completion of the 
experiment which was of course carried out in a dark room; all those 
gelatin solutions whose pH was from 5.3 to 6.4 turned black when 
exposed to light, wliile none of the others was affected by light even 
after an exposure of more than 2 weeks. Since the original treatment 
of the gelatin with m/16 AgNOa near the point of neutrality was the 
same for all the solutions, it is obvious that the silver gelatinate 
when its pH was 4.7 or less gave off part if not practically all its silver. 
This was actually proved to be the case by the analysis of the filtrate 
of such gelatin during and after the acid treatment. 

When we treat the gelatin first with HNOs, wash the acid away, and 
then treat the gelatin with m/16 AgNOs and wash away the excess of 
salt, we get an identical system of cur\'es and an identical effect of 
exposure to light, proving that gelatin can only combine with Ag 
when its pH > 4.7, while it cannot combine with gelatin when its 
pH 5 4.7. 

The writer would like to call attention to the fact shown in Figs. 1 
and 3 that for pH > 4.7 the curves for swelling and for conducti\’ity 
are practically parallel to the curve for the amount of silver gelatinate 
formed. 

The Combination of Anions with Gelatin. 

In this chapter we' intend to furnish the data necessary for proving 
that gelatin combines vath anions only when pH < 4.7 , while it can- 
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not combine or remain in combination vrith anions when pH > 4.7. 
We chose for this purpose two anions, Br and CNS, for the volu- 
metric determination of which we possess the convenient Volhard 
method. Powdered gelatin was first treated with different concen- 
trations.of HNO 3 and then washed free from the e.vcess of add. Then 
the gelatin in each fimnel was perfused three times with 25 cc. of 
m/8 NaBr and this was followed by six perfusions with 25 cc. of HoO. 
The swelling was plotted (upper cur\'e in Fig. 4), the gelatin was 
melted and made into a 1 per cent solution, and analyzed for Br by 
the Volhard method. The lower curve gives the quantity of Br in 
combination with 25 cc. of gelatin. Table II gives the amount of 
Br found in combination with 0.25 gm.‘ of gelatin. The table, as 
well as the cur\’^e, shows that the treatment of gelatin with m/8 NaBr 
did not lead to the formation of gelatin bromide when pH ? 4.7 ; 
while it led to the formation of gelatin Br when pH < 4.7. The 
quantity of gelatin bromide formed increased with the hydrogen ion 
concentration. 

TABLE n. 


Cc. 0.01 X Br in combination with 0J5 gm. of gelatin at different pH. 


pH 

3.7 

3.8 

3.9 

4.1 

4.2 1 

4.6 

4.7 

5.1 

5.8 

6.4 

5.8 

Cc. 0.01 X Br combined with 












0.25 gm. of gelatin 

7.5 

7.4 

7.1 


2.95 

1.4 

0.1| 

0.15| 

O.lj 

m 



In the e.xpeiiment represented by Fig. 5 everjihing was the same 
except that the treatment of gelatin with HNO3 was followed by three 
perfusions with m/8 NHiCNS (instead of m/8 NaBr). The lower 
cur\^e shows that when pH ? 4.7 the gelatin contains no CNS, 
but that gelatin can combine with CNS as soon as pH < 4 . 7 . 

The results are given in Table HI. The reader’s attention is 
called to the sharp drop in the values for Br (Table H) as well as for 
CNS (Table IH) at pH = 4.7 and less. 

T.ABLE in. 


Cc. 0.01 X CXS in combination with 0.25 gm. of gelatin at different pH. 


pH 

Cc. 0.01 X C\S combined 

3.5 

3.5 

3.9 

4.1 

4.3 

4.4 

4.7 

4.9j5.5 

6.2 

6.3 

6.4 

6.5 

7.0 

■oath 0.25 gm. of gelatin. . . 

9 4 

9 2 

6.7 

4.1 

3.4 

1.95 

0.15 

O. 2 I 0 .I 

0.1 

O.I 

O.I 

O.I 

0 
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When we reverse the order of treatment, i.c. when we treat gelatin 
first with m/8 NaBr at pH about 7.0, only sodium gelatinate should 
be formed according to our theor}', and no Br should combine with the 
gelatin. This was found to be correct. When we treat gelatin first 



HNOj M M M M M 5H M 3M M H H M M C 

tma used 6 16 32 64 128 SS 2S6 ICe» 52 B:4 4I3S 6152 

pH 37 38 38 39 4) 42 45 47 51 56 64 68 70 7.1 

N&Br 

Fig. 4. Gelatin treated with different concentrations of HNOj, washed, treated 
with JX/8 NaBr, and washed again. The ordinates of the lower curve are the 
values of Br in combination with gelatin, showing that on the right (alkaline) 
side from the isoelectric point and at the isoelectric point gelatin contains no Br, 
while on the left, more acid side from the isoelectric point, the amount of the Br 
found increases with the pH. The ordinates of the upper curv'e represent the 
swelling of the same gelatin. The two curves on the left side are almost parallel, 
showing that the degree of swelling is determined by the relative mass of the 
gelatin bromide (or nitrate) formed. 

wnth m/8 NaBr, then with varying concentrations of HNO3, no Br 
should enter into ionogenic combination with the gelatin. This is 
confirmed by the volumetric analysis which shows that such gelatin 
is free from ionic Br. Only sodium gelatinate is formed under these 
conditions. 
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Figs. 4 and 5 confirm a fact already referred to in connection -^dtli 
Fig. 1. The curces for the swelling of gelatin for pH < 4.7 are parallel 
to the curv^es representing the amount of gelatin Br and gelatin CNS 
formed. Fig. 6 gives the relation of the cur\'e for swelling to the 
curv'es for the other physical properties of gelatin treated with acid 
and then with m/8 NaBr. These experiments prove definitely that 
on the acid side from the isoelectric point gelatin (and probably am- 
photeric colloids in general) can combine only with anions, on the 


cf _ tscdci^nc cf 

C-«latin-C,';5 PLTCWatin 



fM 35 IB 35 IS il -O 44 A7 4S 55 E2 E3 E4 65 
% NK,OC 


Fig. 5. Gelatin treated mth different concentrations of HNOj, washed, then 
treated with u/8 NHiCNS, and washed again. Further e.'tplanation of figure cor- 
responds to that for Fig. 4. 

more alkaline side from the isoelectric point only with cations, and 
at tire isoelectric point with neither. . 

Aclioi! of Heavy Metals and Polyvalent Ions. 

When we treat finely powdered gelatin Vidth a solution of m/10 
copper acetate, Uie powder assumes a blue color due to the formation 
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Region of Geiatin-Br 
and Gelafln-Q 


Isoelectric 

point. 

Pure gelatin 


Rjgion of 
Hadielaiinate 


MCI 

coocused 4 8 16 32 M 129 256 5E loa ZOW W6 882 
pH 15 15 16 17 17 4J 46 M 55 64 6fi 7J 7.2 
J^NaBr 

Fig. 6. Gelatin treated first with varying concentrations of HCl, washed, 
then treated with ii/S NaBr, and washed again. Cun'es for conductivity, osmotic 
pressure, alcohol number, and swelling. On the right side from the isoelectric 
point gelatin e.-dsts as sodium gelatinate, on the left side as gelatin chloride or 
bromide, at the isoelectric point as pure, sparingly soluble gelatin. 
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of copper gelatinate (pH being about 6.3). WTien we wash off the 
excess of copper acetate solution, the blue color remains. WTien we 
treat such copper gelatinate with an acid to increase the hydrogen ion 
concentration, we notice that the gelatin loses its blue color as soon as 
its pH 5 4.7. If after the acid treatment gelatin is perfused six 
times with distilled water, the gelatin keeps its blue color when 
pH > 4.7, and it is possible to demonstrate the presence of ionized 
copper in such gelatin with the ferrocyanide test. WTien the pH of 
the gelatin is ^ 4.7, the ferrocj'anide test shows that the gelatin is 
free from ionized copper. The water with which this gelatin was 
washed contains the copper, while the water with which the gelatin 
with a pH > 4.7 was washed is free from copper, except that which 
was originally contained in the capillary spaces between the granules 
of gelatin and which was carried away with the first perfusions. 

Fig. 7 gives the curves of gelatin first treated for 30 minutes with 
ii/16 copper acetate and subsequently with from ii/8 to m/8192 HCl. 
For pH 5 4.6 all the values of the curx'es are as low as they are at the 
isoelectric point, and for the same reason; namely, copper gelatinate 
as well as the gelatin at the isoelectric point being sparingly soluble. 
(It is well to keep in mind that at the isoelectric point the gelatin 
contains no ionizable copper, while for pH > 4.7, the gelatin is in 
combination with ionic copper.) On the left, more acid side from the 
isoelectric point the gelatin exists in the form of gelatin chloride and 
gelatin acetate. 

The e.xperiment proves, therefore, that copper gelatinate cannot 
continue to exist when pH < 4.7, and that the gelatin gives off its 
copper at such pH. 

The same experiment was made with CeClj and Pb acetate^, and 
almost identical cur\’es were obtained as in the case of copper ace- 
tate, Ce as well as Pb forming sparingly soluble gelatinates. In the 
case of KiFeCNs the sparingly soluble gelatim FeCNt was formed 
only on the acid side of the isoelectric point as our theor>' demands. 
Fig. 8 gives the curv'es. The gelatin was first treated with different 
concentrations of HCl and then with m/16 K 4 FeCN 6 in the manner 
described for the other cases. 




MCI £LiL o 

concusta e lb X M 13 256 5C2 loa 2046-!!S6eS2 


n J5 56 3B ^6 52 to 62 63 63 63 63 

■^CuflcetaTe 

16 


Fig. 7. Gelatin treated with m/16 copper acetate, washed, treated with dif- 
ferent concentrations of HCl, and washed again. On the right side from the 
isoelectric point gelatin e.xists as copper gelatinate, stained blue, practically in- 
soluble, and uith low conductivity, osmotic pressure, alcohol number, and swell- 
ing. On the left side from the isoelectric point it exists as gelatin chloride (and 
acetate), highly soluble, and with high conductivity’, osmotic pressure, alcohol 
number, and swelling; at the isoelectric point pure gelatin, practically insoluble. 
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Fig. 8. Gelatin treated -with different concentrations of HCl, washed, then 
treated with il/16 K. 4 FeCXc, and then washed again. On the left, more acid side 
from the isoelectric point, gelatin exists as insoluble gelatin ferroc>-anide, with 
low osmotic pressure, low conductivity, etc.; on the right, more alkaline side from 
the isoelectric point, gelatin e.xists as potassium gelatinate with high conducti\-ity, 
osmotic pressure, etc.; at the isoelectric point, pure and sparingly soluble gelatin. 
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Experiments with Dyes. 

Gelatin is readily stained ivith the basic dye neutral red at the point 
of neutrality. Our theory demands that gelatin thus stained with 
neutral red should give off all its stain at the isoelectric point and on 
the acid side from the isoelectric point; while the neutral red should 
be retained when pH > 4.7. This turns out as the theory demands. 
1 gm. of finely powdered gelatin was put for 20 minutes at about 1S°C. 
into a series of beakers each containing 1 cc. of m/100 neutral red. 
The gelatin was then filtered and washed t^vice with 25 cc. of distilled 
water. All the gelatin was stained a beautiful deep red. Each fun- 
nel was then perfused three times with a definite concentration of 
HCl, the concentration for the various funnels varying from m:/8 to 
m/8192, and this was followed by eight perfusions Vidth 25 cc. of HiO 
each. In the funnels treated with a concentration of HCl of m/512 or 
above, the gelatin became decolorized (the neutral red being washed 
away) ; while all the funnels treated with acid of a lower concentra- 
tion retained their deep red color and did not give off their stain. 
The decolorized gelatin was then melted, made into a 1 per cent solu- 
tion whose pH was determined. It was found that the gelatin pre- 
viously treated with m/512 HCl and decolorized had a pH =4.7, 
that treated with 3 m/1024 having a pH = 4.6, and so on. Hence the 
gelatin was not able to retain its neutral red when brought to the 
isoelectric point or to a pH 5 4.7, as our theory demands. 

Michaelis and Davidsohn’ working with large blocks of gelatin, 
gained the impression that gelatin is slightly stainable with both basic 
and acid stains at the isoelectric point. We are inclined to believe 
that our method of staining gelatin in a finely di^dded condition and 
then ascertaining the pH where the dye is given off again b}'^ the 
gelatin, gives more reliable results than their method of working with 
large blocks of gelatin. We intend to return to the problem of stain- 
ing in a future communication. 

summary. 

1. It is shown by volumetric anatysis that on the alkaline side 
from its isoelectric point gelatin combines with cations only, but not 

^ Michaelis. L., and Davidsohn, H., Biochem. Z., 1913, liv, 323. 
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anions; that on the more acid side from its isoelectric pomt it 
combines only with anions but not with cations; and that at the 
isoelectric point, pH = 4.7, it combines rsdth neither amon nor cation. 
This confirms our statement made in a pre\uous paper that gelatm 
can exist only as an anion on the alkaline side^ from its isoelectric 
point and only as a cation on the more acid side of its isoelectric 
point, and practically as neither anion nor cation at the isoelectnc 

point. _ , ^ - 

2. Since at the isoelectric point gelatin (and probably amphoteric ■ 

coUoids generaUy) must give off any ion with which it was com- 
bined, the simplest method of obtaining amphoteric colloids approxi- 
mately free from ionogenic impurities would seem to consist in bring- 
int^ them to the hydrogen ion concentration characteristic of their 
isoelectric point (i.e., at which they migrate neither to the cathode 
nor anode of an electric field) . 

0^ jg shown by volumetric analysis that vhen gelatin is in com- 
bmation ivith a monovalent ion (Ag, Br, CNS), the curve representing 
the amount of ion-gelatin formed is approximately parallel to the 
cur\'e for swelling, osmotic pressure, and ^^scosity. This fact proves 
that the influence of ions upon these properties is determined by the 
chemical or stoichiometrical and npt by the “colloidal” condition 
of gelatin. 

4. The sharp drop of these cur\'es at the isoelectric point finds its 
explanation in an equal drop of the water solubility of pure gelatin, 
"which is proved by the formarion of a precipitate. It is not yet pos- 
sible to state whether this drop of the solubility is merely due to lack 
of ionization of the gelatin or also to the formation of an insol- 
uble tautomeric or polymeric compound of gelatin at the isoelectric 
point. 

5. On account of this sudden drop slight changes in the hydrogen 
ion concentration have a considerably greater chemical and physical 
effect in the region of the isoelectric point than at some distance from 
this point. This fact may be of biological significance since a num- 
ber of amphoteric colloids in the body seem to have their isoelectric 
point inside the range of the normal variation of the hydrogen ion 
concentration of blood, lymph, or cell sap. 

6. Our e-xperiments show that while a slight change in the hydrogen 
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ion concentration increases the water solubility of gelatin near the 
isoelectric point, no increase in the solubility can be produced by 
treating gelatin at tlie isoelectric point with any other kind of mono- 
valent or polyvalent ion; a fact apparently not in harmony with the 
adsorption theory of colloids, but in harmony with a chemical concep- 
tion of proteins. 

The writer wishes to express his thanks to Mr. M. Kunitz for his 
faithful assistance in these experiments. 
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THE ANTAGONISM BETWEEN THYMUS AND 
PARATHYROID GLANDS. 

By EDUARD UHLENHUTH. 

{From ihe Laboralories of The Rockefeller Insliliile for Medical Research.) 
(Received for publication, July 16, 1918.) 

INTROpUCTION. 

It is well known that the extirpation of the parathyroids in mam- 
mals is followed by tetanic convulsions. This led to the conclusion 


CORRECTION. 

rhe accompan)’ing pages are to replace pages 23 and 24 of The Journal of 
leral Physiology, September 20, 1918, Vol. i, No. 1. In the first line of the 
e as originally printed thyroid was written for thymus. 


Ainbystoma imculatiinp were lea.exausiveiy on caU's tnymus. n.acn 
single larva after some time began to suffer from severe tetanic at- 
tacks. Since the larvae of salamanders do not possess parathyroids 
this obser\'ation seemed to be of considerable interest, and, in the fall 
of 1916, calf’s thymus was fed to larv'ae of another species of sala- 

' See Biedl, i, 279, 301 fi. 

• In the terminologj* to be employed in the classification of amphibians the 
nomenclature as worked out by Stejneger and Barbour in their new check list was 
applied here. According to this the old species Amblystoma punciaiiim corresi>onds 
to the new spedes Ambysloma maculalum. 

23 
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THYMUS AND PARATHYEOH) GLANDS 


manders, Amly stoma opacmi; again each single individual after a 
certain time came down with tetanic g,ttacks. In 1917, the experi- 
ments were repeated wdth the same result on both species. It is, 
therefore, e%'ident that the thymus gland contains a substance which 
produces tetanic convulsions in the larvse of Amiystoma macnlatnm 
and opacmn. 

Tetanic Symptoms. 

The tetanic symptoms exhibited by salamander larvae fed with 
thymus closely resemble the symptoms produced by parathyroid- 
ectomy in mammals.^ The first attacks in the larv$ are confined to 
the hind portions of the bodjL In general, this part of the body suffers 
more than any other during the entire tetanic period, and when the 
acute attacks become less and less frequent and severe it is again the 
hind portions of the body which alone are attacked. Within several 
days after the onset of acute tetany the entire muscular system exhib- 
its severe clonic convulsions. Each single attack begins at the tail 
and spreads toward the head; the tremors are severest in the legs and 
in the muscles of the lower jaw. During each attack the mouth is 
thrown widely open. When the attack begins the animals are thrown 
on one side. Besides the clonic convulsions a tonic spasm of the entire 
body is observed; the legs are stretched out and the body is bent with 
its concavity towards the back. During the attack the animals dis- 
charge much air and the vessels of the skin become very red. 

In the early stages of the disease the convulsions are induced only 
upon stimulation which is best effected by removing the larvae from 
the water, placing them on filter paper, and pinching the legs or the 
tail slightly. Each attack lasts only a short time, the larwe recover- 
ing after from 2 to 3 minutes. Later any attempt of the larvae to 
swim or to snap at a piece of food suffices to induce an attack and 
some individuals may float for several days on one side, being rigid 
from tonic spasm. 

8 to 14 da5"s after the first attack the hind legs begin to show 
signs of a, permanent tonic spasm; the legs are stretched backward 
and become tested around their longitudinal axis with the inner 
surface pointing upward; the feet follow this movement and finally 
the fore legs undergo a similar change. 

» SecBiedl,i,79ff. 



TEMPERATURE COEFFICIENT OF THE ACTION OF 
i3-RAYS UPON THE EGG OF NEREIS. 

By ALFRED C. REDFIELD axd ELIZABETH AI. BRIGHT. 

{From the Laboratory of Physiology, Harvard Medical School, Boston, and the 
Marine Biological Laboratory, Woods Hole.) 

(ReceU'ed for publication, November 4, 1918.) 

LeppeU has sEown that grafts of rat sarcoma radiated at 15°C. 
show ver)^ little difference in their beha\dor from those radiated at 
37°C., but that the latter grow rather more slowly and disappear 
sooner than those which have been radiated in the cold. So far 
as we are aware no one has determined the temperature coef&cient 
of the physiological processes, nor of the purely chemical reactions 
produced by ra3-s from radioactive substances. The velocity of r 
photochemical processes, to which these reactions are closely allied, 
is known to be affected verj" slightly' by the temperature at which the 
processes occur. The great mass of physiological reactions shares a 
high temperature coefficient (2 'to 3 for a change of 10°C.) with gen- 
eral, non-photochemical reactions.- Data on the temperature co- 
efficient of photosensor}' stimulation in animals do not appear to have 
been pubhshed. Dr. Selig Hecht has recently determined that the 
temperature coefficient of the sensitization process in Mya is of the 
order of that of a photochemical reaction (personally communicated 
results of rmpublished experiments). Brown and Heise,® reviewing 
the hterature of this aspect of photos}-nthesis, conclude that this 
important photophysiological process has a temperature coefficient 
of the same order (1.1 to 1.2 for a change of 10°C.) as those of photo- 
chemical reactions, although the investigators who secured the data 
on vhich tliis conclusion is based had assigned higher values to tbi^; 

Lepper, E. H., Middlesex Hospital, 1914, xsjdii, 77. 

- Kanitz, A., Die Biochemie in EinzeldarsteUungen; Temperature und Lebens- 
vorgiinge, Berlin, 1915, pt. 1. 

’ Brown, WLH., and Heise, G. W., Philippine J. Sc., C, 1917, sii, 1. 
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ess of membrane formation does not occur until after fertilization. 
We have found that this process is greatly affected by temperature 
and have taken care that it should go on at the same temperature in ( 
both lots of eggs. Consequently we have avoided the disturbmg in- 



Fig. 1. Curves illustrating the effect of temperature upon the velocity of the 
change produced by P-rays in the membrane of Nereis eggs. Time of radiation 
in minutes is measured logarithmically along the abscissa. . Volumes of mem- 
branes are measured in 100,000 cubic microns along the ordinate. Intensity of 
radiation was 38.1 miUicurie centimeters in both cases. 

fluence of a secondary reaction analogous to that to which the high 
temperature coefficient of photosjmthesis is attributable.'* 

^^^len measurements of the volumes of membranes so produced are 
plotted against the logarithms of the times of exposure, the points 




TEMPERATURE COEFFICIENT OF /3-RAYS 


fall about two parallel lines, as illustrated in Fig. 1. The line drawm 
through the points obtained at the higher temperature lies above the 
other, showing that the velocity of the reaction has been increased 
by the higher temperature. The velocities {Ki and Kz) at the two 
temperatures (h and /j) are inversety proportional to the times re- 
quired to produce membranes of anj"^ given volume. Thus in the e.x- 


periment illustrated in Fig. 1, 40 minutes of exposure were necessar}' 
to produce a membrane of 10 hundred thousand cubic microns at 0°C. 
At 24°C. this membrane volume is represented bj”- a point on the curve 
corresponding to an exposure of 27 minutes. We may then write 


Ki 


m 

27 


where it = 0 and A = 24. 


Substituting these values in the 


equation- 


10 



we obtain 1.18 as the value of Qio, the temperature coefficient for a 
change of 10°C. Table I gives a number of determinations of Qk 
made in tliis way. 


TABLE I. 



/I 

Qi<3 


0 

20.6 

1.08 


0 

23.9 

1.11 


0 

24.8 

1.15 


0 

23.6 

I.IS 


■ 0 

24.0 

1.18 


1.14 



The source of radiation used in this investigation was radium ema- 
nation enclosed in slender, thin-walled glass tubes. The walls of 
these tubes were sufficiently thick to absorb all the a-radiation. 
We expect to show in a future publication that the effect of the 
7 -rays from such a tube is negligible compared to that of the ^-rays 
in producing the reaction. The coefficient which we have determined 
is therefore that of the action of tlie ^-rays.® 

* We are indebted to Dr. William Duane and to the Director of the Cancer 
Commission of Harvard University for placing a supply of radium emanation at 
our disposal. 
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CONCLHSION. 

The temperature coefficient of the action of /3-rays from radium 
upon the egg of Nereis lies between 1.1 and 1.2. This is of a magni- 
tude characteristic of photochemical reactions. 
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tubules which normal^ constitute the greater portion of the kidney 
and which occup}'^ a medial and ventral position. In some lar\'a; none 
of these particular tubules had even been developed. In all other 
cases, in which only their partial development had occurred, the few 
tubules present were always greatly lij'pertrophied and were often 
lined by an e-xceedingty thin-layefed epithelium which closely re- 
sembled endothelium in appearance. 

The less extensive tubular complex which normally occupies a 
dorsolateral position in the pronephros and into which the nephros- 
tomal canals directly open was, however, invariably found to be de- 
veloped to a considerable degree in all the edematous lar\'se exam- 
ined. It was lined by a thick-layered epithelium which is the only 
epithelium of the pronephros in the writer’s e.xperience, in both nor- 
mal and edematous frog or toad larv®, that has tlrus far been ob- 
served to absorb colloidal acid d5^es. In all cases this dorsolateral 
tubular complex was found to be much hypertrophied and often blad- 
der-like in appearance and, together nith the three nephrostomal 
canals which open into it, was occasionally’- found to constitute the 
only’- portion of the kidney that had been formed. In such extreme 
cases the pronephric duct was either a solid structure or was not 
connected with the kidney at all. 

Associated -witli this general defect in kidney’ development the 
lymph sinuses of the body, especially those of the head region, were 
often found to be greatly distended -ndth fluid. In larvce of Type 1 
in whicli the edema is generalized, no defect in the development of 
any organs of the body^ was e\'ident e.xcept that of the pronephric 
tubules referred to. In some .cases (Type 2) the anterior lyunph 
hearts were absent, and other prominent defects in the vascular sys- 
tem met with which need not be mentioned here. The pericardial 
and coelomic cavities were often greatly expanded and blebs or blis- 
ters of various sizes were occasionally’ formed under the epidermis. 
All these ca\’ities were filled -with fluid, as could easily be determined 
in larvse which had been placed in solutions of colloidal acid dy’es. 

We know that water and certain colloidal acid dy’es= are continu- 

- McClure, C. F. W., On the beha-vior of Bujo and Rana to-n-ard colloidal 
dyes of the acid azo group, Memoirs of The Wistar Institute of .Anatomy and 
Biology’, No. 8, Philadelphia, 1918. 
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ousty absorbed through the integument in both lan'al and adult frogs 
and toads when the latter are allowed to remain in such media, and 
that the excess of fluid taken into the body in these cases is normally 
eliminated by the kidneys. Since the water taken into the body by 
absorption through the integument must necessarily reach the kid- 
neys by way of the vascular system, the possibilit)’ suggests itself 
that the edematous condition of the frog laiA'se referred to may be 
due to the deficienc}’- obser\'ed in the development of certain specified 
tubules of the kidnej-, or, in other words, to a block in the normal 
kidney function. In consequence of this an excess of water which, 
is constantly being taken into the body through the integument is re- 
tained in the body, since it can no longer be eliminated bj’’ the kid- 
neys. That this is actuall}’’ the case, as far as these particular frog 
larvae are concerned, seems to be borne out by experiments on adult 
frogs and toads in which an edematous condition of the body can be 
produced bj-' ligation of the ureters. 

The distal ends of the ureters in the frog and toad lie in the dor- 
sal wall of the cloaca and open dorsally into the latter independently 
of the bladder, which opens on the ventral wall of the cloaca. It 
is therefore not a difficult matter to ligate the ureters by means of 
arterj' forceps and small metal clamps, or to pass a ligature around 
the ureters which can be tied over the urostyle. In such cases neither 
the bladder nor the outlet of the intestinal canal through the cloaca is 
interfered ■with. 

Among 53 ligation experiments thus far made by the ■writer, chiefly 
on ;idult toads, the six mentioned in Table I illustrate the range 
of results obtained. In all cases the toads^ were kept in water for 
a considerable time and weighed at inteiv^als before appljing the 
ligature. This was done in order to estabhsh a normal balance, 
under such conditions; between the absorption of water through the 
integument and its elimination from the body by the kidneys. 

The first figure in each of the columns of Table I (Experiments 1 
to 6) indicates the weight of the toad in gm. at the time the ureters 
were ligated and before the toad was again placed in water. The 
succeeding figures in each column indicate the obseivations made at 
difierent inter\'als of time. 

’ Bufo kuliginosiis Shaw. 
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TABLE I. 


Time. 




Experiment 4 


in 

hrs. 

gm. 

gm. 


gm. 

" gm. 

gm. 

0 

22.8 

30.5 

30.9 

45.9 

53.9 

49.1 

0.50 


32.7 





0.52 




51.5 



l.IO 





54.5 


1.35 


34.2 





1.40 

23.75 



54.5 



' '2.20 

1 



57.0 

55.4 


2.43 

24.8 






3.35 



34.0 




5.05 

26.9 






5.45 




64.4 

(40%) 



6.10 

27.6 






6.55 






55.9 

7.45 

28.7 






11.55 

31.2 






16.55 


50.8 

(66.5%) 





17.55 

1 




60.3 


19.00 





60.9 


20.00 

> 




61.7 


20.50 

23.25 



58.6 


62.7 





(89.6%) 

Removed 







ligature. 




23.30 

23.40 

37.5 

(64.4%) 




68.4 

• 

24.05 





70.5 
(30% ) 


25.25 



47.5 



52.2 

25.55 



43,9 




28.35 



37.9 



56.1 

29.55 



35.2 




30.50 



32.9 




31. .55 
48.40 



30.9 



68.4 

(39.3%) 
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These experiments should not be confused with the well kno-v\Ti ex- 
periments of Overton-* who ligated the doacal opening but not the 
ureters. WTien only the doacal opening is ligated, the flow of urine 
through the ureters into the cloaca and bladder is not interrupted. 
The urine in such cases, as stated by Overton, -ndll fill up the bladder 
and then back up into the intestinal canal. WTien the ligature is 
removed, this urine can be readily e.xpressed from the body through 
the cloaca. On the other hand, as we shall see in the follo-5\'ing ex- 
periments, after removal of the ligature from the ureters, no fluid can 
ordinarily be immediately expressed from the cloaca as, in this case, 
the excess of fluid contained in the body has been deposited in the 
tissues and body ca-vity, and not in the bladder and intestinal canal. 
The six experiments referred to in Table I were made during the 
' month of August. 

Experiment 1 . — WTien killed the toad -was in a comatose condition and had • 
gained 64.4 per cent in -weight in 23 hours and 40 minutes. On removal of the 
silk ligature no fluid was passed from the cloaca. A clear fluid containing albu- 
min and weighing 6.4 gm. was removed from the subcutaneous lymph sinuses. 

A dear fluid weighing 4.9 gm. which threw do-wn a predpitate in nitric add that 
disappeared when acetic add was added, was also removed from the body cavity. 
An excess of fluid amounting to 3.4 gm. still remained in the tissues after re- 
moval of the fluid from the lymph sinuses and body cavitj". The lungs were 
inflated and intensdy congested. The blood vessels, espedally those of the 
abdomen, integument, and kidneys were also greatly congested. 

Experiment Z . — WTien killed the toad was partially comatose and had gained 
66.5 per cent in weight in 16 hours and 55 minutes. No fluid could be expressed 
from the cloaca on removal of the small metal clamp with which the ureters had 
been ligated. A bloody fluid weighing 11.6 gm. was removed from the subcu- 
taneous lymph sinuses and 3.2 gm. of fluid of a s imil ar character were found in. 
the body cavity, lea-ving an excess of fluid amounting to 5.5 gm. in the tissues of 
the body after removal of fluid from the hunph sinuses and body ca-vity. The 
condition of the lungs and blood vessels was essentially the same as in Experi- 
ment 1. 

Experiment 3. In this case the dorsal wall of the cloaca was tightly clamped 
vdth an arterj' forceps, the teeth of which undoubtedly cut deeply into the 
tissues. After being placed in water the toad gained 89.6 per cent in weight in 


* Overton, E., Vcrhandl. physik.-med. Gcs. Wurehurg, 1904, xxxvi. 
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the course of 23 hours and 25 minutes, at the end of which time the forceps was 
removed. The toad was in a comatose condition and a few drops of fluid could 
be e-xpressed from the cloaca. The toad was not killed, and at the end of 8 hours 
and 30 minutes, after removal of forceps, had regained its normal weight and 
was very active. 

Experiment 4 . — ^IVhen killed the toad had gained 40 per cent in weight in the 
course of 5 hours and 45 minutes and was still quite active. In ligating the 
ureters with a silk ligature which passed under the ureters and over the urostj’le, 
a large blood vessel was punctured. The subcutaneous Ij'mph sinuses of the body 
contained 7.1 gm. of a clear fluid which coagulated on e.xposure to air, and the 
body cavity 4.3 gm. of a fluid in which considerable blood was present. The 
excess of fluid remaining in the tissues after removal of fluid from the lymph 
sinuses and body cavity amounted to 7.1 gm. The lungs, kidne 3 -s, and sub- 
cutaneous blood vessels were intensely congested. . 

Experiment 5 . — In this instance the ureters were compressed bj' a small metal 
clamp, the jaws of Which pressed tightlj' upon, but did not cut into the tissues. 
When the toad was killed it was very weak and had gained only 30 per cent 
in weight in the course of 24 hours and 5 minutes. On removal of clamp no 
fluid could be expressed from the cloaca. About 7.7 gm. of a slightlj^ blood}' 
fluid were removed from the subcutaneous Ij'mph sinuses and only 1 gm. of a 
clear fluid containing albumin was found in the body cavitj'. The e.xcess of 
fluid still remaining in the tissues after its removal from the lymph' sinuses and 
body cavity amounted to 7.9 gm. The lungs were greatlj' e.ypanded and intensely 
congested. Marked signs of congestion were observed on the abdomen, espe- 
cially in the region of the pelvis. 

Experiment 6 . — This illustrates an instance in which a gradual increase in body 
weight is followed by a slight .decrease, and then succeeded bj' a gradual and 
progressive increase in body weight which develops into an intense form of gener- 
alized edema. In this particular case an arterj' forceps was used in which the 
teeth had been filed down so that they would not cut into the tissues, and the 
pressure e.xerted on the ureters was also relatively sh’ght. When the toad was 
killed it had gained only 39.7 per cent in weight in the course of 48 hours and 40 
'minutes. The slow progress of the edema was probably due to an incomplete 
ligation of the ureters. On removal of forceps about 2.1 gm. of semifluid excreta 
were expressed from the cloaca. The fluid removed from the subcutaneous lymph 
sinuses was clear, coagulated on e.xposure to air, and amounted to 4.2 gm. The 
fluid present in the body cavity was e.xtremelj' bloodj' and also weighed 4.2 gm. 
The excess of fluid still remaining in the tissues after its removal from the lymph 
sinuses and body cavity amounted to 8.8 gm. The lungs, kidneys, left oviduct, 
mesenteries, and subcutaneous blood vessels were intensely congested. 

The toad was weighed twenty-one times in the course of this e.xperimcnt. Only 
the more critical data, however, are mentioned in Table I. 
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The experiments clearly show when the ureters are completely 
ligated and the toad is placed in water, that an increase in body 
'sveight immediately takes place which gradually progresses into an 
intense form of generalized edema. An analysis of the conditions 
described need not be given here, further than that the progress of 
the edema appears to be related to . the extent and character of the 
abrasion produced in the tissues at the point of ligation, as well as 
upon the state of congestion of the tissues which results from ligation. 

On the basis of these obser\'ations it does not appear difficult to 
explain the edematous condition of the frog larx^s mentioned above. 

We know that the glomeruli of the pronephros are not directly con- 
nected with the renal tubules, as is the case in the meso- and meta- 
nephros, but project into the body caffity independently of these 
tubules in the vicinitj’ of the nephrostomes. The filtrate of the 
pronephric glomeruli must necessarily, therefore, pass into the body 
cavity before entering the pronephric tubules by way of the nephro- 
stomes. If, on account of a deficiencj' in their development, the 
tubules of the pronephros should be unable to take care of all the 
. glomerular filtrate, or to secrete fluid obtained from the pronephric 
veins, an excess of fluid which could not be eliminated by the kid- 
neys would necessarily remain in the body caxdty and tissues and, in 
the course of time, would increase in amount so that a tx^ical edema- 
tous condition of the body would finally result. Such I believe to be 
an explanation of the edematous condition observ-ed in these frog 
lar\"2e. 

Further significance of the above obserx'ations lies in the fact that 
they do not appear to bear out Fischers’ xdew that the cause of 
edema, in the anura at least, resides in the tissues, and is due to an 
overproduction or accumulation of acids within the body which 
causes them to take up water. It has also been pointed out by vari- 
ous authors® that this xdew is untenable on account of the limited 
variation of the hj'drogen ion concentration in the body. 

® Fischer, M. H., CEdcma and nephritis. New York, 2nd edition, 1915. 

'Henderson, L. J., and Cohn, E. J.,/. ^n:. Cftcm.Soc., 1918, xl, 857. Crozier, 
W. J., J . Biol. Chan., 1916, xxiv, 255, 443; 1918, sxrv, 455. 
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INTRODTJCnON. 

In the fourth paper of this series' I have described the production 
of light by the ostracod crustacean, Cypridina hilgeitdorfii, and some 
of the properties of the photogenic substances found in this animal. 
Since then I have obtained a large number of Cypridina and have 
been able to carrj’’ out investigation along chemical lines on a far 
larger scale. This paper deals with the characteristics of’ two of the 
photogenic substances, ludferin and luciferase, in more detail. In 
the seventh paper- reasons are given for the adoption of Dubois’ 
terms, ludferin and luciferase, which in part correspond to my pho- 
tophelein and photogenin, and I have described how the oxidation 
product of luciferin, which I have called oxjdudferin, can be reduced 
. to luciferin again. The chemical change involved in the oxidation 
of luciferin to oxvduciferin appears to be slight and comparable to the 
change occurring when the leuco-base of a dye is oxidized to the 
dye itself. It is therefore not surprising to find that oxj-ludferin and 
luciferin have similar properties, and, as far as I have been able to 

* Much of this work was performed in the Zoological Laboratory', Imperial 
University, Tokyo, and I wish to acknowledge the kindness of Professors Ijima, 
Yatsu, Watase, and Goto during my stay in the University. I am also deeply 
indebted to Professor Ishikawa of the .Agricultural College, Tokyo, for much 
assistance in collecting material and express my smeere thanks for his interest 
in the work. 

|Har\'ey, E. K., Am. J. Physiol., 1917, xlii, 318. 

= Harvey, J. Gen. Physiol., 1918, i, 133. 
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determine, the properties of oxyludferin and luciferin are identical, 
so that what is here recorded regarding luciferin mil apply to oxj^- 
luciferin also. Unless otherwise specified, luciferin, oxjduciferin, and 
luciferase refer to these substances obtained from Cypridina 
hilgendorjii. 

M elhod. 

The living animals are dried quickly in desiccators over CaCU 
and may then be kept indefinitely in well stoppered bottles contain- 
ing a few lumps of CaCU to remove any dampness in the air con- 
tained in the bottle. The Cypridina are well ground to a powder 
which lights brilliantly if moistened with water, both of the photo- 
genic substances going into solution. It serves as the raw material 
for the isolation of luciferin and luciferase. From this material an 
extract may be prepared with distilled water which contains -luciferin, 
luciferase, all the proteins of the animal soluble in water, salts, and 
other water-soluble material. The extract, filtered through filter 
paper, is yellow colored and slightly opalescent and glows for some 
time. The light finally disappears due to the oxidation of the luci- 
ferin. There is no change of color on standing. If the extract so- 
lution is not too concentrated and well shaken mth air, all the lucif- 
erin will be oxidized and luciferase alone of the photogenic sub- 
stances together with oxyludferin will remain. Saits and other 
crystalloidal substances may be removed by dialysis since luciferase 
does not dialyze. The solution is remarkabty stable. I have allowed 
it to dialyze against running tap water in a Schleicher and Schiill 
parchment diffusion thimble for 2 weeks and then against distilled 
water for 1 more week mthout any marked loss of luciferase. In- 
deed, solutions of luciferase may stand until they become foul and 
ill smelling from bacterial decomposition ndthout destruction of the 
luciferase. Solution may be presented free of bacterial development 
with toluene or chloroform for man}' months, but a slow destruction 
of the ludferase occurs and at the same time a precipitate forms. 
The luciferase is present in the colloidal state as it does not pass col- 
lodion or parchment paper membranes. A solution prepared in the 
above manner will be known as crude luciferase solution. Although 
the luciferase can be purified by repeated precipitation with a va- 
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rietj' of substances, it loses strength during the process and the crude 
luciferase solution is the most powerful that can be obtained. 

A similar extract may be prepared -with hoi distilled water which 
contains one of the photogenic substances, luciferin, all of the pro- 
teins of the animal not coagulated by heating, the remaining salts, and 
other material soluble in hot water. My procedure is to add boiling 
water directly to the diy- powder, boil about 20 seconds, and filter 
quickly while hot. The filtrate is slightly opalescent, yellow colored, 
and does not darken on standing. On cooling, this solution often 
glows faintly but if heated to the boiling point a second time the glow 
ceases and does not return on cooling. However, its content of 
luciferin is diminished because some has oxidized to oxyluciferin. 
This hot water extract of Cypridins will be spoken of as crude lucif- 
erin solution. It gives a bright light with luciferase. 

If the hot water extract stands in a shallow dish at room tempera- 
ture, the luciferin disappears completely in the course of some hours, 
the time depending on its concentration. This is due to oxidation 
of the luciferin apart from luciferase, as maybe easily determined by 
keeping the luciferin extract in absence of oxj'gen. I have kept such 
a solution for 90 days in a test-tube covered with a layer of vaseline 
1 inch in depth to prevent access of air, and at the end of that time 
• it was Capable of gi^dng a brilliant light when mixed with luciferase. 
Luciferin and luciferase together in solution are likewise both stable 
in the absence of oxj’gen. I have kept such solutions in an evacu- 
ated tube or in a hydrogen atmosphere for manj^ months and at the 
end of that time on admitting air a brilliant light appears. 

The oxidative disappearance of luciferin, like other chemical reac- 
tions, is greatly accelerated at the higher temperatures. In a previous 
paper' I called attention to the fact that whereas luciferin was not 
destroyed by a short boiling, 3 or 4 minutes boiling were sufficient to 
destroy it. This is entirely a matter of the increased rate of oxidation 
at the boiling point. We can boil a solution of luciferin without harm 
for 30 minutes pro\ided the boiling is carried out in a stream of hy- 
drogen which has been rendered free of oxj^gen by passage over a 
glowing platinum spiral. Acid retards and alkali favors the oxida- 
tion of tile luciferin (apart from luciferase). A solution of luciferin 
made slightly acid with HCl maj- be boiled for 25 minutes in the air 
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without complete oxidation, whereas a neutral or slightl}’^ alkaline 
solution is quickly oxidized. A solution of luciferin wall keep very 
well in a tall test-tube if the tube is left undisturbed. Diffusion of 
ox>^gen into the depths of the tube is ver^’- slow. Perhaps the best way 
to obtain a concentrated solution of luciferin is to filter the hot water 
extract of Cypridina directly into a tall narrow vessel and pass a cur- 
rent of CO: through it while cooling. The slight acidit}'^ and the 
anaerobic conditions both prevent oxidation. A little dilute acetic 
acid may be used in place of carbon dioxide. 

Although both luciferin and oxyluciferin will pass collodion or parch- 
ment membranes, I have been unable to obtain them in cr 3 "staUine 
form, and presume that they also are present in the colloidal state.* 
The properties of the luciferin in the hot water extract and the lucif- 
erase in the cold water extract will be considered imder the following 
heads: Action of enzymes, salting out, alcohol and acetone, solu- 
bility in organic solvents, alkaloidal reagents, hea^y metal salts, 
acids and alkalies, adsorbents. 

Action of Enzymes. 

Table I gives the results of enz 3 me experiments. A solution of 
crude luciferase (or crude luciferin) was mixed vdth the enz}me 
preparation and kept at 38°C. in an incubator for from 18 hours to 
4 days. Controls were always emploj'ed, using pre^^ously boiled 
enzyme solution. Experiments were also made to determine whether 
the particular enzjme preparation was active on its substrate, and no 
experiments were considered in which this was found not to be the 
case. After the enz 3 me solution had acted for the proper lengtli of 
time on the photogenic substances, their light-girmg power was tested 
•by adding an equal amount of luciferin (or luciferase) to both con- 
trol and active tube and comparing the brightness of the light re- 
sulting from the active tube with that of the control. In order to 
prevent oxidation the digests of luciferin were carried out in long 
test-tubes, full of solution, which were either corked or covered vdth a 

* Dubois regards Photos luciferin as a natural albumin and P/zo/oi- luciferase as 
an oxidizing enzjTne made up of iron assodated with a protein. Dubois, R., La 
■vie et la lumiere, Paris, 1914. 
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thick layer of vaseline. This procedure is not necessary' in the case 
of luciferase. 

The salivarj' diastase was fresh filtered saliva, and the yeast in- 
vertase a fresh filtered extract of yeast ground with sand. All the 
other preparations were made by dissobdng the commercial en 2 yme 
powder in water. The erepsiu was a solution of duodenal scrapings 
dried in vacuo and powdered, and the spleen, liver, and kidney sub- 
stance was a solution of these glands dried quicklj ni vacuo and 
powdered; all were supplied by the Digestive Ferments Co. of Detroit. 
The three latter preparations probablj' contained proteolytic enzj-mes 
although they did not digest fibrin rmder the same conditions with 
which they were tested with the photogenic substances. The erepsin 
in neutral solution did not digest fibrin to anj- extent, or albumen, 
but trj-ptophane was produced from Witte’s peptone. 

Since both acid and alkali iujure luciferase and alkali causes a very 
rapid oxidation of luciferin, some difficulty was experienced in work- 
ing with pepsin, active only in acid, and with tiypsin, most active in 
alkaline solution. As preparations containing tiypsin were found to 
digest fibrin fairly rapidly in neutral solution, they were made up in 
water and the experiments show that neutral tiypsin solutions will 
digest luciferase. Presumably such neutral solutions would also 
digest luciferin if it were capable of digestion, but the results indi- 
cate that it is not. Pepsin could only be tested on luciferase with an 
amount of HCl lower than the optimum, otherwise the HCl alone is 
sufficient to destroy the luciferase. For this reason the action of 
pepsin was not so carefully investigated, but the result of the one 
experiment recorded indicates that a slow digestion of luciferase 
occurs. Acid is not so destructive to luciferin, and 0.2 per cent HCl 
plus pepsin was found to possess no digestive power. 

It uill be noticed from Table I that of all the enzjTnes tried on 
luciferase only the proteolytic eii 2 ymes have any digestive power. 
Tiypsin, erepsin, and pepsin HCl all have at least some digestive ac- 
tion. The commercial preparations of pancreas (pancreatm) usually 
contain some lipase (steapsin) and diastase (amylopsin), but as sal- 
ivary- diastase (ptyalin) and malt diastase did not digest luciferase 
and a sample of trypsin lacking lipase did digest luciferase, the de- 
structive power of various pancreatin and steapsin preparations is 


TABLE 


Action of enzymes on ludferase, at 38*C. 


En^'me solution. 

Digestive power tested. 

Pressr%'a- 


Light with 



24 his. 

4S bis. 

Malt diastase* 

Starch digestion. 

None. 

Brilliant. 


Same boiled 

No digestion. 

(( 

tt 


Salivary diastase 

Starch digestion. 

None. 

Brilliant. 


Same boiled 

No digestion. 

it 

tt 


Yeast invertase 

Same boiled 

Cane sugar digestion. 

(f U tt 

Toluene. 

It 

im 

■ 

Pepsinf in less than 0.2 per cent 




■mull 

HCl 1 

Coagulated albumen digestion. 

Xylene. 



Same boiled. .'. j 

No digestion. 

it 



Tij-psint 

Fibrin but not olive oil diges- 

Toluene. 

Faint. 

Negative. 

1 

1 

Same boiled 

tion. 

No digestion. 

it 

Brilliant, 

Bright. 

Pancreatin§ in 0.5 per cent 





NasCOj 

Albumen and starch digestion. 

Xylene. 

Fair. 

Faint. 

Same boiled 

No digestion. 


Brilliant. 

Brilliant. 

Pancreatin* 

Fibrin and starch digestion. 

Toluene. 

Negative. 


Same boiled 

No digestion. 

<C 

Bright. 


Steapsinll 

Fat, fibrin, and starch digestion. 

1 Toluene. 

Faint. 

1 Negative. 

Same boiled 

No digestion. 

' {< 

Brilliant. 

Bright. 

Perming 

Coagulated milk. 

None. 

Bright. 


Same boiled 

No coagulation. 

« 

tt 


Erepsinll 

Starch and peptone but not 

Toluene. 

Fair. 

Negative. 

Same boiled 

fibrin or albumen digestion. 
No digestion. 

it 

Bright. 

Bright. 

Arico urease 

Urea hydrolyzed. 

Toluene. 

Bright. 


Same boiled 

No action. 

(1 

(t 


Spleen (calf) substancej] 

Olive oil but not fibrin digestion. 

Toluene. 

Good. 

Faint. 

Same boiled 

No digestion. 

it 

Bright. 

Bright. 

Kidney (beef) substancejl 

Fibrin or oil not digested. 

Toluene. 

Good. 

Fair. 

Same boiled 

No digestion. 


tt 


Liver (hog) substance|| 

OUve oil but not fibrin di- 

Toluene. 

Good. 

Faint. 

Same boiled 

gestion. 

No digestion. 

tt 

Bright. 

Bright. 


* Merck. t.^'Io'ck, U. S. P. J Fairchild, Bros, and Foster. 
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unquestionably due to their trypsin content. That tlie destruction 
of luciferase is actually due to digestion and not to the injurious ac- 
tion of amino-acids resulting from the digestion of proteins associated, 
with the luciferase is showm by adding the products of a 4 day (at 
38°C.) tryptic digest of albumen (then boiled to destroy the trypsin) 
to luciferase, and keeping the mixture with toluene at 38°C. for 4 
days more. The luciferase was found to be unaffected by tlie amino- 
acids present. 

These experiments all indicate that luciferase is a protein. As 
erepsin has a digestive action one might suppose that it belongs to 
the group of proteoses, but too great reliance cannot be placed on 
conclusions drawn from the action of erepsin, as this enzyme is said 
to hydrolyze histones, protamines, casein, fibrin, and nucleic acid in 
addition to proteoses and peptones.'* Dubois finds tliat Pholas lucif- 
erase is digested by trjpsin.® 

On the other hand, none of the enz 3 Tne preparations tested had 
any action on luciferin. The proteolytic enzymes especially were 
studied with great care and.vdtli the result that no digestive action 
could be demonstrated. In one e.xperiment not recorded in Table I 
luciferin was mixed with a Parke Davis Co. pancreatin preparation, 
having active proteolytic power and kept at 38° for 4 days without 
digesting the luciferin. Erepsin also had no digestive action after 4 
days at 38°. hlerck’s pancreatin (without toluene) had no digestive 
action after 8 days at 38°C. Dried powdered Cypridinw were mixed 
with Merck’s pancreatin and toluene and kept at 38°C. for 8 days. 
This digest was found to contain no luciferase but abundant luciferin. 
There is no doubt of tlie non-digestibility of the latter. As already 
mentioned, these digests must be carried out in absence of o.ty'gen, 
otherwise the luciferin undergoes spontaneous oxidation to oxy- 
luciferin and disappears apart from an}- enzjTne action. The ox}'- 
luciferin like luciferin itself is also undigested after 4 days action of a 
pancreatin solution at 38°C. As all common proteins, except the 
racemized proteins and certain very insoluble albuminoides (elastin 

■* Samuely, F., in Oppenheimcr, C., Handb. Biochcm. des Menschen und der 
Tiere, Jena, 1909, i, 554. 

* Dubois, R., Ami. Soc. Limi. Lyons, 1914, xli, 161. 
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and keratin), are digested by tij^sin, these experiments indicate that 
luciferin is hot a common protein, but they give us no idea of the 
class to which it belongs. 

* 

Salting Out. 

■ If crude luciferase solution is saturated with crj^stals of NaCl at 
20°C. no precipitate forms but onlj’' a slight turbidity appears. The 
solution filters turbid and luciferase is found unharmed in the fil- 
trate. Saturation with NaCl is a good method of preser\Tng lucif- 
erase from the growth of moidds and bacteria. . 

One-half saturation with MgSO^ also produces a slight turbidity 
and luciferase is found unharmed in the filtrate. Complete satura- 
tion with hIgS04 produces a fine precipitate, again dissohing in 
water, which contains considerable luciferase. The opalescent fil- 
trate also contains some luciferase so that-saturated ilgSO^ precipi- 
tates luciferase partially but not completely. 

One-half saturation with (NH4)5S04 produces a precipitate which 
contains verj" little luciferase after washing with half saturated 
(NHi)2S04. Most of the luciferase is found in the filtrate. On 
saturation with (NHi);S04 an abundant precipitate forms and no 
luciferase remains in the filtrate. The (NH4)2S04 precipitate dis- 
solves completely in water and gives a brilliant light if mixed with 
luciferin. 

If a crude solution of luciferin is saturated with NaCl or half sat- 
urated with iIgS04 or half saturated with (NH4)5S04 no precipitate 
forms. The luciferin remains in solution. I\'ith saturated MgS04 
the luciferin is partially precipitated; with saturated (NH4)2S04 it 
is almost completely precipitated, but a small amormt of luciferin 
still remains in the filtrate. The addition of acetic acid to the point 
where precipitation of the crude luciferin solution is complete (prob- 
ably a nucleoprotein or mucin is precipitated) and subsequent care- 
ful saturation with AIgS04 or (NIl4)2S04 does not completely pre- 
cipitate the luciferin. 

The above results can be confirmed by adding saturated solutions of 
NaCl or !MgS04 or (NH4);S04 to drj- powdered Cypridine. The 
powder glows strongly in saturated NaCl which dissolves both lucif- 
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TABLE n. ■ 


Properties of Photogenic Substances. 



Property. 

Ludferase. 

K 

Ludferin. 


Saturation NaCl 

Not precipitated. 

Not precipitated. 


Half saturation MgS 04 

t( ft 

tt tt 


Saturation MgSOj 

Nearly completely 

Partially precipi- 

Salting 

“ " + acetic acid 

precipitated. 

tated. 

(( tt 

out by 

Half saturation (NHi)2S04 

Slightly precipi- 
tated. 

Not precipitated. 


Saturation (NH4)jS04 

" “ + acetic acid.. . . 

Completely pre- 
cipitated. 

Nearly completelj’ 
precipitated. 

tt it it 


Meth 3 'l alcohol 

Insoluble. 

Soluble. 


Ethyl “ 

(( 

tt 


“ “ 90 per cent 

(( 

tt 


a it a t( 

4f 

tt 


« '< 50 “ “ 

Slightly soluble. 

te 


Propyl “ 

Insoluble. 

• tt 


Isobutyl “ 

(t 

Fairly soluble. 


Amyl “ 

{( 

Slightly “ 


Benzyl “ 

ft 

Soluble. 


Acetone 

(1 

Fairlj' soluble. 


“ 90 per cent 

It 

Soluble. 


« 7Q « « 

Slightly soluble. 

I( 


“ 50 “ “ 

Fairty soluble. 

<C 


Ethyl acetate 

Insoluble. 

({ 

Solubility 

" propionate 

4< 

Fairlj- soluble. 

in 

“ butyrate 

It 

it ft 


“ valerate 

it 

Slightly “ 


“ nitrate 

« 

Verj' slightly sol- 
uble. 


Glycerol 

tt 

Soluble. 


Glycol 

te 

tt 


Ether 

it 

Insoluble. 


Chloroform 

tt 

(C 


Carbon disulhde 

tt 

(C 


“ tetrachloride 

tt 

tt 


Benzene 

ft 

tt 


Toluene 

tt 

t< 


Xylene 

tt 

tt 


Petroleum ether. 

It 



Aniline 

tt 

ft 

1 

Glacial acetic acid 

tt 

Fairlj' soluble. 
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erin and luciferase; weakly, in saturated jNIgSOi which dissolves 
some luciferin but ver)* little luciferase; and not at all in saturated 
(NH^;S04 which dissolves no luciferase. On filtering the saturated 
(NH4):S04 extract of diy^ CypriMncz and pouring this into water, no 
light appears, hut if luciferase is now added, a faint light appears, 
showing that a small amount of luciferin has gone into solution. 
These results are summarized in Table 11. 

Although we ordinarily think of the proteins as the substances, par 
excellejice, capable of being salted out of solution, the property is char- 
acteristic of many emulsion colloids, notably soaps, polj'saccharides, 
and phospholipins. However, neither luciferase nor luciferin is a 
soap because they are not precipitated by CaCli; nor phospho- or 
galactolipins, because they are both insoluble in ether and benzene, 
hot or cold. It is possible that they are of polysaccharide nature as 
starch and glycogen are nearly if not completely predpitated-by 
saturating their solution with (NH4)2S04. But the polysaccharides 
are not precipitated by phosphotungstic add, whereas luciferase is 
completely predpitated and luciferin verj* nearly completely predpi- 
tated (see p. 283). 

The eddence from salting out experiments indicates that both 
luciferin and luciferase are proteins, the former on the border-line 
between proteoses and peptones, the latter a more complicated pro- 
tein but not a globulin. Dubois* finds PJwlas luciferin completely 
precipitated by saturation with (NH4):S04 but not by MgS04 or 
NaCl. 

Alcohol and Acetone. 

If strong ethyl alcohol or acetone is added to a solution of crude 
luciferase, an abundant precipitate forms. This predpitate is found 
to contain the luciferase which is separated completely from solu- 
tion by alcohol between 50 and 60 per cent, and by acetone between 
70 and 80 per cent. We are dealing in both cases with a predpitation 
and not a coagulation of luciferase. The predpitates partially re- 
dissolve in water and if the solution is filtered luciferase is found in 
the filtrate. Indeed, the predpitates from addition of alcohol or 
acetone to crude luciferase may stand under alcohol (95 per cent) or 
acetone (90 per cent) respectively for 35 days without complete de- 
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struction of the ludferase, but there is always a diminution of activity 
which is no doubt eventually complete. The alcohol or acetone pre- 
cipitate ma}’- be washed and dried and will give light whenever 
luciferin is added. 

If strong ethyl alcohol or acetone is added to a solution of crude 
luciferin, a precipitate also forms, but it is not nearly so voluminous, 
since the heat-coagulable proteins are absent from the luciferin solu- 
tion. With alcohol the precipitate is very fine; with acetone it is 
flocculent and clumps togetlier readily. The precipitates washed 
once with 95 per cent alcohol and acetone respectively dissolve com- 
pletely in water but these solutions give only a faint or no light if 
luciferase is added. On the other hand, the filtered alcohol and 
acetone solutions contain considerable amounts of luciferin. The ab- 
sence of luciferin in the alcohol and acetone precipitates is only 
apparent. It is really partly precipitated by alcohol and acetone 
but is largely oxidized during the process of testing. Experiments 
indicate that oxyluciferin is present in the precipitates and can be re- 
converted into luciferin b}"- appropriate metliods. These experiments 
indicate that alcohol and acetone only partially precipitate luciferin, 
but completely precipitate luciferase. Boiling absolute alcohol %vill 
extract a considerable amount of luciferin and such a solution is qmte 
stable even if exposed to air provided the alcohol is not allowed to 
evaporate. In alcohol-water and acetone-water mixtures the luciferin 
oxidizes readily and disappears in tlie course of a day or so. 

Solubilify in Organic Solvents. 

The solubilit}' of luciferin and luciferase in a number of pure or- 
ganic solvents was tested by extracting the dried powdered Cypridincc, 
filtering, and then testing the filtrate by the addition of luciferase and 
luciferin, respectively. Small pieces of the photogenic gland wall 
sometimes pass through ordinary filter paper, but can alwa3's be 
recognized as isolated brightly luminous dots appearing when the' sol- 
vent is tested for photogenic material. A hea\y blotting paper holds 
back these fine particles and was used for filtering except in the case 
of very viscous solvents. The results are summarized in Table 11. 

It will be noticed that luciferase is not extracted by any of the sol- 
vents tried, whereas luciferin is soluble in a considerable number of 
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them. Methyl alcohol, ethyl alcohol, propyl alcohol, benzj'l alcohol, 
ethyl acetate, glycerol, and glycol all dissolve a considerable amount of 
luciferin. Solvents non-miscible with water, such as benzyl alcohol 
or ethyl acetate, give up their content of luciferin to the water phase 
and it then luminesces if luciferase is present. In the case of the 
homologous series of aliphatic alcohols, the higher the alcohol in the 
series the less luciferin will it dissolve. The same is true for the 
homologous series of esters. 

Luciferin is fairly stable in methyl alcohol, ethyl alcohol, propyl 
alcohol, benzj'l alcohol, and glycerol if no water is present, but rather 
quickly disappears in acetone, glycol, and ethyl acetate, presumably 
because oxidation occurs more rapidly in the latter solvents. In the 
tj-pical fat solvents as ether, chloroform, benzene, etc., the luciferin 
is insoluble. Luciferin is also soluble in glacial acetic, acid but not in 
aniline. 

There is nothing in the solubilitj- relations of luciferase to indicate 
that it is not a protein. On the other hand, the solubilities of ludf- 
erin are certainly unusual for a natural protein. The best known 
class of proteins soluble in alcohol is the protamines of plants, but the 
protamines are insoluble in water and absolute alcohol. Zein, the 
protamine of com, is soluble in 90 per cent eth}^ alcohol, methyl and 
propyl alcohols, glycerol heated to 150°C., and glacial acetic acid.® 
Recently Osborne and Wakeman' have described a protein from 
milk baxing solubilities similar to those of gliadin, the protamine of 
wheat. Welker® has described a substance, obtained from Witte’s 
peptone gi^’ing the biuret, Millon, and Hopkins-Cole tests, which is 
soluble in water and absolute alcohol but not in ether, and it is pos- 
sible that others of the peptones are soluble in absolute alcohol. On 
the other hand, some proteins in the absence of salts form colloidal 
solutions in strong alcohol from which they may be precipitated by 
an appropriate salt.® As the absolute alcohol extract of Cypridina 
was made from dry material containing the salts of sea water, some 
salt was present, but there is always the possibility of sol formation. 

® Osbome, T. B., Ergcbn. Physiol., 1910, .x, 47. 

^ Osbome, T. B., and Wakeman, J., J. Biol. Chen:., 1918, ssxiii, 243. 

® Welker, W. H., Biochcm. Bull., 1912-13, ii, 70. 

® Private communication from T. B. Osbome. 
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If we extract dried Cypridina, which have prexdousty been thor- 
oughly extracted with benzene, with 800 cc. of boiling absolute alco- 
hol for an hour, filter the alcohol extract through blotting paper and 
hardened filter paper, quickly evaporate the filtrate to drjmess on the 
water bath, and dissolve the residue.in a small quantity of water sat- 
urated with CO 2 , we obtain a yeUow opalescent solution which gives 
a bright light with luciferase. This solution contains some protein 
or protein derivatives as it gives a verj’- faint Millon reaction, a good 
positive ninhydrin test, reddish blue in color, but no biuret reaction. 
It precipitates rvith tannic and phosphotungstic acids but not ndth 
picric, acetic, tricliloroacetic, or chromic acids or on saturation with 
(NH 4 )sS 04 . The phosphotungstic precipitate is not due to the 
presence of calcium. The extract gives a faint Molisch reaction for 
carbohydrates. As the e\ddence points to the presence of some 
protein material in the absolute alcohol extract of Cypridinm, it is 
possible that this protein is luciferin. It should be emphasized, how- 
ever, that the Millon reaction was verj’^ faint although the ninhydrin 
was quite marked, 

Alkaloidal Reagents. 

A solution of phosphotungstic acid added to crude luciferase solu- 
tion gives a voluminous precipitate which, if washed quickly in 
running water on the filter and then suspended in water, does not 
completely dissolve but gives a good light if luciferin is added. It 
dissolves if a trace of dilute NH 4 OH solution is added. The filtrate 
gives no light ndth excess luciferin, even though it contains some 
material which will precipitate on addition of more phosphotungstic 
acid. 

Tannic acid added in slight excess to luciferase gives, an abundant 
precipitate whicli contains luciferase and will give a good light with 
luciferin if suspended in water. It does not completely dissolve, 
even on addition of dilute NH 4 OH solution. The filtrate giyes a 
ver}'- faint light on addition of an excess of luciferin, even though an 
excess of tannic acid was used to precipitate and all precipitable 
material was thronm down. 

Saturated aqueous picric acid added in equal volume to crude 
luciferase solution gives a not verj' abundant precipitate which if 
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filtered off, -washed quicklj" -svith -n-ater, and suspended in -water, does 
not complfetely dissolve. If luciferin is added the precipitate does 
dissolve and a good light appears. Dilute NHaOH solution causes 
the precipitate to dissolve. The filtrate ^ves a very faint light -when 
an* excess of luciferin is added, even though everything -was precipi- 
tated that would precipitate -with picric add and an excess of the 
latter -was present. The excess of picric add -was not suffident to 
harm the luciferin used in testing. 

Luciferase is, therefore, completely precipitated by phosphotungstic 
add and almost completely predpitated by tanmc and picric adds 
-without harm. 

Phosphotungstic add added to a solution of crude luciferin to slight 
excess gives a bulky precipitate which can be filtered off and the fil- 
trate is perfectly dear. It gives no further predpitate -with phos- 
photungstic add but contains a small amount of luciferin, as a faint 
light appears when luciferase in eixess (since ludferase is also pre- 
cipitated by the excess phosphotungstic add present) is added. The 
precipitate washed on the filter -with dilute phosphotungstic add does 
not dissolve completely in water but partly dissolves forming an 
opalescent solution. It is brought into solution by adding crude 
luciferase or a trace of dilute NBbOH solution. The predpitate con- 
tains luciferin and gives a briUiant light -with ludferase. It is prob- 
ably the slight alkalinity of the luciferase solution which causes reso- 
lution of the luciferin precipitate. The addition of a small amormt of 
HCl to the phosphotrmgstic-ludferin filtrate causes further predpi- 
tation, leaAung a dear supernatant fluid cont ainin g no trace of 
luciferin. 

Taimic acid likewise gives a volmninous predpitate -with luciferin 
solutions and the filtrate is clear at first but may become doudy in a 
short time, especially at the surface, unless considerable tannic add is 
added. If an excess of tannic add is present, as indicated by ab- 
sence of further precipitate on adding more tannic acid, a small 
amount of luciferin is present in the filtrate but practically all is 
precipitated. The precipitate does not completely dissolve in water 
even if NH«OH is added, but gives a bright hght when luciferase is 
added. The addition of a small amount of acetic acid -f ISTaCl or 
HCl does not cause further precipitation. Both the phosphotungstic 
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Neutral lead acetate solution was added to crude luciferase solution, 
drop by drop, until no further precipitate formed. The filtrate was 
clear and gave no further precipitate on adding more lead acetate. 
It gave a good light with excess of luciferin.' The precipitate sus- 
pended in water does not dissolve, but upon addition of luciferin gives 
a bright light. ' 

Basic lead acetate added drop by drop gives a bulky precipitate 
leaving a clear filtrate which gives no further precipitate on addition 
of more basic lead acetate. This filtrate gives no light with excess 
luciferin but the precipitate washed once with water on the filter 
gives a bright light. 

Saturated HgCU solution was added drop by drop to luciferase so- 
lution until no further precipitate occurs. The filtrate is perfectly 
clear and gives a bright light vdth luciferin although it gives no 
further precipitate with HgClj. The precipitate washed on the 
filter for 20 hours in running winter is suspended in water. It does 
not dissolve but on addition of luciferin gives a fair light. 

Luciferase therefore is completely precipitated by basic lead 
acetate, nearly completely precipitated by neutral lead acetate, but 
not precipitated by mercuric chloride. 

If a saturated solution of HgCL is added drop by drop to luciferin 
solution a precipitate forms. If this is filtered off, washed wth dilute 
HgCls, and suspended in water, it does not completely dissolve but 
gives a good light if an excess of luciferase is added. The opalescent 
filtrate which gives no further precipitate with HgCL gave a fair 
light on adding an excess of luciferase. Mercuric chloride and 
acetic acid almost completety precipitate luciferin from solution. 

Neutral lead acetate solution added to luciferin gives a hea\’y pre- 
cipitate. The solution filters cloudy at first even though no further 
precipitate forms on adding lead acetate, but soon filters clear. This 
clear filtrate containing some Pb gives a bright light on addition of 
excess of luciferase. The precipitate was washed several times on the 
filter and b}"^ decantation with dilute Pb acetate, and suspended in 
water. It does not completely dissolve but gives a good light with 
luciferase. Lead acetate and acetic acid give no good precipitate with 
crude luciferin. 
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Basic lead acetate gives a voluminous liea%y precipitate with crude 
luciferin. After heating, the solution was filtered and the clear fil- 
trate, which gave no further precipitate with basic lead acetate, gave 
a brilliant light.with luciferase. The precipitate washed twice with 
water on the filter does not dissolve in water, but suspended in water 
gives a faint light on adding luciferase. Uranium nitrate -h acetic 
acid does not completely precipitate luciferin from solution. These 
results are recorded in Table III. 

Luciferin is therefore not complete^ precipitated from solution by 
mercuric chloride with or without acetic acid, neutral lead acetate or 
basic lead acetate, or uranium nitrate and acetic acid. 

Aci-ds and Alkalies. 

As alkalies (KOH or NaOH in small, NH^OH in greater concen- 
tration) precipitate the Mg of sea water, this salt should be removed 
from a crude solution of luciferin and luciferase before studying the 
precipitating effects of the substances. This can be done by the addi- 
tion of a small amount of sodium pjuophosphate which forms Ca 
and Mg pyrophosphates insoluble in water. The precipitates are 
removed by filtration and the photogenic substances are found un- 
harmed by the addition of p 3 T:ophosphate. 

Neither luciferin nor luciferase is precipitated by addition of 
dUute NaOH or dilute NH 4 OH to their crude solutions, first rendered 
free of Ca and Mg. 

Dilute acetic add added to luciferase solution gives a fine predpi- 
tate which is filtered off and washed with running water for 24 hours. 
It does not dissolve completely in water and gives onlj- a faint light 
with luciferin. The predpitate is probably a mucin and carries down 
some adsorbed ludferase. The filtrate is perfectly dear, gives no 
further precipitate (sometimes a slight cloudiness on standing) with 
acetic acid, but a bright light with luciferin. The addition of slightly 
more acetic add results in a dear filtrate gi\dng no light with e.Ycess 
ludferin. The precipitate on the filter does give a faint hght with 
e.xcess luciferin but appears to be injured by the add. 

^ Saturation with CO; causes a predpitation in crude luciferase solu- 
tion, but the filtrate gives a brilliant light with luciferin. 
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Dilute acetic acid added to concentrated luciferin gives a stringy- 
precipitate. If filtered off, the filtrate is slightly opalescent but 
does not become more cloudy or precipitate if more acetic acid is 
added. It gives a bright light if luciferase is added to it. The pre- 
cipitate does not completely dissolve in water, but if washed with 
water and suspended in water gives a fair light with luciferase. This 
precipitate is probably a mucin containing some adsorbed luciferin. 
In the luminous gland of Cypridina there is a material which stains 
as does mucin and it would be found in the hot water extract of- the 
whole animal. The acetic acid precipitate does not form readily^ if 
the luciferin solution is hot when acetic acid is added. A little dilute 
ISnFl40H will dissolve the precipitate and it can be reprecipitated by 
acetic acid. The filtrate from the acetic acid precipitation gives a 
voluminous precipitate with phosphotungstic acid which does not 
carry down all the luciferin unless a little HCl is also added, when 
luciferin is completely precipitated and may be demonstrated in the 
precipitate. 

Dilute HQ alone gives a predpitate with crude luciferin solution 
but it almost completely dissolves in an excess of dilute HCl. 

Saturation of a solution of crude luciferin in presence of some NaCl 
with carbon dioxide does not cause predpitation or an increase in 
turbidity. 

Dilute trichloroacetic acid gives a stringy predpitate -s^nth crude 
luciferin solution similar to that with acetic acid, but abundant lucif- 
erin is found in the clear filtrate which gives no further predpitate 
with trichloroacetic acid. These results are recorded in Table HI. 

Hence neither luciferin nor luciferase is precipitated from crude 
solution by dilute NH4OH or NaOH or by dilute acetic add, and 
neither of them can belong to the group of histones (predpitated by 
dilute NH4OH) or mucins, or nucleoproteins, or such phosphoproteins 
as caseinogen, which are precipitated by dilute acetic acid. A mucin 
or nucleoprotein is predpitated from both crude luciferase and 
ludferin solution by dilute acid and carries down some luciferase and 
some luciferin in the adsorbed state. It is easy to demonstrate that 
such an adsorption might occur. A solution of sodium caseinogenate 
mixed witli either luciferin or luciferase and precipitated -ndth acetic 
add will carry down a considerable amount, but not all of the luciferin 
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or luciferase. Luciferin is not, but luciferase is injured by an excess 
of dilute acetic acid. 

Dubois* reports that Pholas luciferin is not precipitated by car- 
bonic acid in neutal solutions or by acetic acid except in presence of 
neutral salts and that it forms an insoluble alkali albuminate with 
NH4OH. The latter is possibly a Mg(OH): formed from the mag- 
nesium in the luciferin solution. 

Adsorboils. 

Proteins are usually separated from their solutions by one or an- 
other of the following methods; heat coagulation (in trace of acid); 
precipitation by alcohol or acetone (in large excess) ; precipitation bj* 
heavy metal salts (basic lead acetate, HgCl; and acid, uranium acetate 
and acid, etc.); alkaloidal reagents (phosphotungstic, tannic, picric 
acids, etc.); salting out (by MgSO^ and add, (1^4)2804, etc.); diges- 
tion by proteolytic enzymes; adsorption (by chloroform, toluene, 
Fe(OH)3, kaolin, and gum mastic). 

We have already noted the behavdor of luciferase and luciferin 
toward the first six methods. Both of these substances can also be 
separated from solution by adsorption on appropriate material; in 
fact, they are rather readily adsorbed especially by inorganic pre- 
cipitates. Their complete adsorption is usually merely a matter of 
obtaining sufficient adsorbing surface area. For this reason com- 
parative studies on adsorption of different materials are difficult to 
carr)' out because we cannot be sure of uniform surface area. How- 
ever, it may .be of interest to record a few of the experiments on 
adsorption. 

A neutral dilute solution of luciferase was found to be completel}’’ 
adsorbed by bone-black, Fe(OH)3, AS2S3, infusorial earth (SiOo), 
talc, and kaolin; nearly completely adsorbed by asbestos, pumice, 
CaCOs, and MgCOs; not nearly completelj' adsorbed by ground 
glass, sulfur powder, gelatin or agar-agar threads, heat-coagulated 
egg albumin, fresh precipitated caseinogen, cotton, or cornstarch. 

A solution of luciferase shaken with five successive additions of fresh 
chloroform, until the chloroform is no longer emulsified but separates 
as readily as with water, is reduced considerably in ludferase content 
but the luciferase is not completely removed by the chloroform. 



290 


STUDIES ON BIOLUinNESCENCE. IX 


Neutral luciferin is completely adsorbed by bone-black, Fe(OH)3, 
kaolin, talc, and CaCOs, but not by many organic precipitates as 
caseinogen, cornstarch, or gelatin threads. There is the difficulty in 
stud}Tng adsorption of luciferin that oxidation may be accelerated by, 
the presence of finely divided material. 

Luciferin can also be removed practically completely from solution 
b)^ gum mastic according to the method of IMichaelis and Rona“ for 
removing proteins from blood serum. 

CONCLUSIONS. 

There seems to be very little doubt but that luciferase is a protein 
or so closely associated with proteins that their removal destroj's its 
characteristic properties. The particular group of proteins to which 
it belongs may be arrived at by a process of exclusion, and onl}'- the 
group of albumins has properties which agree completely wfitli those 
of luciferase. 

Dubois believes PJtolas luciferase to be an oxidizing enzjune similar 
to the oxydones of Battelli and Stern'= because it is readily destroyed 
by fat solvents such as chloroform, strong alcohol, etc. He has de- 
tected iron in a luciferase solution which has dialyzed against run- 
ning water for a long time, and believes it to be made up of protein 
in combination with iron and to act as an “oxj^zymase ferrique.”® 
Cypridina luciferase, on the other hand, is not readily destroyed by 
fat solvents. Toluene and chloroform are good preser\"atives, and I 
often make use of them for this purpose, keeping the luciferase solu- 
tions for many months. Professor A. H. Phillips of Princeton Uni- 
versity has very kindly analyzed some whole dried Cypridinm for me 
and finds iron, copper, and manganese but no zinc or vanadium to be 
present. WTiether these metals are connected with the action of 
Cypridina luciferase is uncertain, but it is significant that all three 
of the metals thought to be concerned in organic oxidations are 
present. 

Although a large amount of luciferin mixed -nith a small amoimt of 


JHchaelis, L., and Rona, P., Biochem. Z., 1907, ii, 219; Rona and Michaelis, 
ibid., 1907, iii, 109; Michaelis and Rona, ibid., 1907, iv, 11. 

^-Battelli, F., and Stem, L., Biochem. Z., 1914, l.x\di, 443. 
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peroxidases, nor will the peroxidases oxidize luciferin with light pro 
duction. Dubois’ researches show that Pholas luciferase differs in 
some properties from Cypridina luciferase, and my own work'® indi- 
cates that firefly luciferase is more like tliat of Pholas. A compara- 
tive study of otlier species of luminous animals is needed in order to 
delimit more accurate^ the class of luciferases as a whole. 

Luciferin presents many characteristics in common witli the pro- 
teins, but two, which, to saj”^ tlae ‘least, tlirow doubt on its protein 
nature: (1) its peculiar solubility (in alcohols, esters, and glacial acetic 
acid), (2) and its resistance to digestion b}' proteases, even by trypsin 
which has almost universal digestive action. These two peculiarities 
have been discussed above. We can onty sa}’^ that if a protein, lucif- 
erin must belong to a new group differing from known natural proteins 
in these respects. In general characteristics tliis new group would 
fall somewhere on the border-line between the proteoses and peptones. 
It would not be surprising to find in nature proteoses or peptones sol- 
uble in absolute alcohol. We know also that some NH-CO linkages 
of proteins are broken down' with great difficulty by trj’psin as it is 
difficult to obtain a tryptic digest of protein which does not give the 
biuret reaction, and the work of Fischer and Abderhalden has shown 
that certain artificial polypeptides are not digested by pure activated 
pancreatic juice. We have, then, tliree possibilities. Luciferin is 
(1) eitlier a natural proteose not attacked by trj’psin, or (2) if attacked 
by trypsin, its decomposition products (presumably amino-acids) • 
still contain the group oxidizable witli light production, or (3) it is 
not a protein at all. I believe that luciferin has too man}’’ protein 
characteristics to conform to the last possibility. I have been unable 
to o.xidize with light production various mixtures of amino-acids (from 
beef and casein) by means of luciferase and consequently am led to 
believe that luciferin is a new natural proteose, soluble in absolute 
alcohol and not digested by trypsin, 

Dubois believes Pholas luciferin to be a natural albumin with acid 
properties. Cypridina luciferin could not possibly be regarded as an 
albumin, but it is veiy^ likely' that the luciferins of different species of 
luminous animals differ in certain characteristics. As in tlie case of 

Harvey, Am. J. Physiol., 1917, xlii, 342. 
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he luciferases, we know that the ludferins are not identical sub- 
;tances, and onl}' future work can determine in whfit particulars 
hey differ. 

A summar)* of the properties of Cypridina luciferin and Cypri-dina 
uciferase will be found in the tables accompanying this paper. 




TEE TESIPERATURE COEFFICIENT OF PHOTOSYNTHESIS. 

By W. J. V. OSTERHOUT a.vd A. R. C. H.AAS. / 

{From Ihe Laboraiory of Plant Physiology, Harvard University, Cambridge.) 

(Received for publication, October 28, 1918.) 

The temperature coefficient of photosjmthesis presents an inter- 
esting problem. On the one hand is the fact that light reactions have 
very low temperature coefficients; while on the other hand it appears 
that the temperature coefficients of photosjmthesis reported by various 
investigators' are as high as those of ordinarj’^ reactions. It should be 
noted, however, that in a recent investigation van Amstel- found a 
temperature coefficient of 1.26, but expresses doubt whether this 
really represents the correct value for photosjmthesis. 

The difficulties of determining temperature coefficients are great 
in the case of land plants, for when leaves are exposed to sunlight their 
temperature rapidly rises and it maj' fluctuate as much as 10°C. in 
a half hour period. For this reason the writers have emplojmd aquatic 
plants which form thin laj'ers, the temperature of which can be 
suffidentlj" controlled. 

In the present investigation the plants were placed in tubes filled 
with solution; these were immersed in a water bath the temperature 
of which was kept constant within TC., which sufficed for the pur- 
poses of the investigation. Thermometers placed in the tubes showed 
that the temperature did not rise more than 1°C. above that of the 
bath and that it did not fluctuate more than that of the bath itself. 
The plant employed in these investigations forms such thin lajmrs 

' Cf. Matthaei, G. L. C., Phil. Tr. Roy. Soc., B, 1905, cxcvii, 47, and the 
interpretation by Kanitz, .A., in Temperatur tmd Lebens\'or^nge, 1915, p. 
18. .Also Blackman, F. F., and Matthaei, G. L. C., ibid., 1903, kxvi, 402. 
Blackman, F. F., and Smith, A. M., ibid. 1911, LYxxiii,401. 

The results of these observers have been interpreted by Brown and Heise as 
showing ver>- low temperature coefneients (Brown, AV. H., and Heise G. W. 
PhUippir.c J. Sc.. C.. 1917, xii, 1). 

* van Amstel, J.'E.. Rcc. trav. fcot. r.tcrlandais, 1917, xiii, 1. 

295 



296 


PHOTOSYNTHESIS 


(0.078 mm. thick) that its temperature quickly reaches that of tlie 
surrounding liquid. This plant is the marine alga Viva riglda (sea 
lettuce) which was chosen because of its rapid rate of photosyntliesis, 
its hardiness under laboratory conditions, and its excellent mechanical 
properties. 

The method^ (which seems to be more accurate than those hitlierto 
employed) consisted in placing the plant in sea water to which an in- 
dicator had been added, the whole being contained in a tube which 
vfas immersed to a depth of 2 or 3 inches in a water batli and exposed 
to direct sunlight.'* Photos)mthesis was allowed to proceed until a 
definite amount of CO; had been abstracted from the sea water, as 
sho'wn b)"^ the color of the indicator. This was repeated as often as 
necessar 3 ^ It has been shown in a pre\dous article® that the rate of 
photosjmthesis is not’ constant from the start, but steadily increases 
until it reaches a constant value. It was therefore necessary to con- 
tinue the exposure until the constant value was reached. After de- 
termining the constant rate the temperature was changed and new 
determinations were made. 

Since the amount of COj abstracted bj"^ the plant (and consequently 
the amount of photosynthesis) was always the same, the rates at 
different temperatures are mversety proportional to the time required 
for the standard amount of photos 3 Tithesis. 

Since the object of the investigation was to ascertain whether the 
temperature coefficients are those of light reactions or of ordinary 
chemical processes, it was not necessar}' to extend the experiments 
over a wide range of temperature. The temperatures chosen were 
17° and 27°C., which are high enough to ensure rapid photosjmthesis 
but which do not produce the slightest injury". 

The results are shown in Table I. For convenience the rate of 
photosynthesis at 17°C. is taken as 100 and other rates are expressed 
as per cent of this. Thus the rate at 27°C. is found to be 169 =*= 1.® 

® The details of technique are fully c.xplaincd in a previous article. See Oster- 
hout, W. J. V., and Haas, A. R. C., J. Gen. Physiol., 1918, i, 1. 

•* The tubes were inclined so as to receive the sunlight as nearly as possible 
at right angles. 

®This figure represents the average of eight experiments. The results were 
first e.xpressed as per cent and then averaged. 
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This is designated in the table as the apparent rate of photosjmthesis 
since it is not corrected for respiration. The correction is made by 
adding the rate of respiration' to the apparent rate of photosjmthesis. 
The sum gives the true rate of photos\-nthesis.‘ The true rate is 
seen to be 150 at 17°C. and 271. at 27°C., gi\dng a temperature 
coefficient of 1.81.® 

The question arises; Hovr can the process have so high a tem- 
perature coefficient? The answer is not far to seek. The rs riters 
have suggested in a recent paper' that photos>mthesis involves cate- 
nary reactions of the t5^e5-^ M-^P in which 5 represents a sub- 
stance which, under the influence of light, breaks down to form M ; 


T.ABLE I. 

Temperature Coefficieitl of Photosynthesis and Respiration in Uha. 



TemperatDxc. 

1 Teraperature 


1T°C. 

27°C. 



100 

169=5=1.1 

1.69 

Rate of respiration 

50=i=l 

1 102=5=1.5 

2.04 


150 

1 271 

1.81 



Each figure represents the average of eight experiments. The rate of photo- 
synthesis at 17°C. (which is taken as 100) represents a change from pH 8.1 to 
pH 8.3 in 18.1 minutes. 


this in turn forms P, the amount of which is proportional to the amount 
of photosjTithesis. If the reaction 5 M is more rapid than M — ^ P- 

' This was ascertained by repeating the experiment with the same pieces of 
Uka under precisely the same conditions except that light was excluded. It 
is expressed as per cent of the rate of photosxmthesis at 17°C. (which is taken as 
100 ). 

' This involves the assumption that the rate of respiration is practically the 
same in light and in dark (as long as the temperature remains the same). There 
seem to be good grounds for this assumption. 

'It is not likely that this result is affected by “limiting factors,” since the 
light was practically full sunffght, and since the temperatures were near the opti-, 
mum and the supply of CO.- was sufficient, owing to the presence of carbonates 
and bicarbonates in the sea water. The effect of a limiting factor would be 
to make the coefficient appear less than it is in reality. 

'Osterhout and Haas, J. Gen. Physiol., 1918, i. 1. 
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(as is presumably the case), the speed of the process as a wholer^dll 
depend chiefly on the speed of M—^'P (the velocit}'^ of the whole 
catenary process being regulated by the speed of the slowest member). 
It is therefore evident that when the temperature is raised its effect 
on the process as a whole rvill depend chiefl)^ on its effect upon M P 
rather than upon its effect upon 5 M. Hence if the light reaction 
S-^M has a low temperature coefficient, while M P (which is 
not a light reaction) has a high coefficient, the temperature co- 
efficient of the process as a whole •wiU be high. It is therefore not sur- 
prising to find that photosynthesis has a temperature coefficient of 
1.81. Analogous cases exist in photochemistry.^® 

It is to be expected that similar relations will be found in helio- 
tropic and heliotactic reactions where the stimulus is given by light 
ahd the growth or movement which follows is due to a slower process 
with a coefficient presumably higher than that of the light reaction.” 

stmuARY. 

The temperature coefficient of photosynthesis in Ulva (between 17° 
and 27°C.) is 1.81. This may be explained by assuming that the 
process involves a light reaction with a low coefficient followed by an 
ordinary reaction with a high coefficient. 

*® Cf. Bovie, W. T., Science, 1913, xxxvii, 373. 

According to T. Nybergh {Ber, hot. Ges., 1912, xxx, 542) this is the case for 
the oat seedling, but this is disputed by Marie de Vries (ibid., 1913, sxxi, 233; 
Versl. wis. en naluurk. Akad. Wclensc/i. le Amsterdam, 1913, xxi, 1056.) In cer- 
tain cases the whole process may depend on the diffusion of a substance (pro- 
duced in the light) from the point of origin to another region. The coefficient 
may then be that of diffusion (usually not over 1.28). 



A COJklPARATnTE STUDY OF PERJ^IEABILITY IN PLANTS. 

By W. J. V. OSTERHOUT. 

{From the Laboratory of Plant Physiology, Earvard University, Cambridge.) 

(Received for publication, October 28, 1918.) 

The tvriter has arrived at certain general conclusions concerning 
the beha\’ior ol protoplasm, vrhich are based largely on the study of a 
single plant. To ascertain -whether they have general validity it is 
necessarj' to study other plants as -well as animals. The following 
paper ^ves a brief resume of results obtained -with a red alga {Rhoiy- 
vieuia pahnata), a green alga {Ulva rigidd), and a flo-wering plant 
{Zoslcra marina) . These forms -were chosen because they differ greatly 
from the bro-wn alga Laminaria Agardhii (which furnished the material 
for the experiments hitherto described), not only in the chemical com- 
position of the cell wall^ but also in the structure of their tissues. 

The experiments on Laminaria were made by cutting disks from 
the fronds and packing them in a cylinder, the electrical resistance 
of which was determined as pre-^dously described.- 
The experiments -with Rhodymenia pahnata (the common dulse of 
the Atlantic coast) were carried out in precisely the same manner as 
those on Laminaria. This was possible because Rhodymemia forms 
thin sheets of tissue, large enough to be cut by a cork borer into 
disks 13 mm. in diameter. The disks were packed together, like a 
roll of coins, to form a cj'Iinder, the electrical conductixdty of -which 
was measured as preriously described." Rhodymenia is much more 
difficult to keep in good condition than Laminaria, and on this ac- 
count is not so well suited to investigations of this kind. It de- 
mands a low temperature and thorough aeration, and even -with these 
does not live so long as Laminaria. 

* Regarding the composition of the cell wall in alg® see Czapek, F., Bio- 
chemie der Pflanzen, Jena, 2nd edition, 1913, i, 640 ff. 

■ Osterhout, \\ . J. \ Biol. Chem., 1918, xxxvi, 557. 
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In Ulva the structure of the frond is much' simpler than in the 
other plants studied. It consists of two la3'ers of similar cells, form- 
ing amembrane about 0.078 mm. in thickness. The cell walls are thin 
and consist of cellulose.® As it is not sufficiently stiff to be treated 
like Laminaria, pieces were cut out and supported between disks of 
hard rubber and celluloid as described in a pre\dous paper.'*' 

The leaves of Zostera have a very simple structure. The fibro- 
vascular bundles are poorlj' developed. There are intercellular spaces, 
but it is possible to find leaves in which there is very little gas in 
these spaces. In such material the amount and position of the gas 
seems to remain unchanged during the experiment. The cell walls 
are of cellulose. 

As the leaves are not wide enough to furnish disks such as were 
used in other experiments, a different procedure was adopted. ‘ A 
number of pieces were held in a horizontal position (parallel and a 
little separated) by means of two parallel celluloid combs placed at 
right angles to the length of the leaves. The electrode carriers moved 
between the combs, forcing the leaves together when measurements 
were made. The electrode carriers were held in frames as in the case 
of Laminaria, but the two upper glass rods were removed and a 
special form of hard rubber plate was placed at each end. 

In some of the experiments pieces of the leaf were placed betv’een 
disks of hard rubber and celluloid, just as in the case of Ulva. 

In all cases the resistance was first determined in sea water, which 
was then replaced by another solution of the same conductmty. All 
readings were made at the same temperature or, if necessary, cor- 
rected to the proper temperature. 

Experiments on Laminaria have shown that it is possible to follow 
the progress of death in the same manner as the progress of chemical 
reactions in vitro. For the most part the process follows more or less 
closel}’’ a monomolecular course. For Laminaria placed in NaCl 
0.52 M, the velocity constant of the reaction at 15°C. was found (as 
the average of eight experiments) to be 0.00723. For RJwdymenia 
the same number of e.xperiments (at the same temperature) gave 
K = 0.0009. Hence the rate appears to be about eight times as great 

®The wall contains a methyl pentosan yielding rhamnose. Cf. Czapck,* 641. 

^ Osterhout, J. Biol. Chem., 1918, xx.wi, 563, fig. 3. 
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in the case of Laminaria. In Uka the rate is slower than in RJiody- 
menia, but Zoslcra is in this respect intermediate between Laminaria 
and Rhodymenia. 

Up to a certain point the death process in Laminaria is reversible. 
Thus tissue remaining in iCaCl 0.52 Ji until it has lost 10 per cent 
of its resistance will recover if replaced in sea water. This is also 
true of Uka, Rhodymenia, and Zoslcra. 

According to their effect upon Laminaria substances may be 
dmded into two classes: (1) those which (like NaCl) cause only a 
fall in resistance, and (2). those which (like CaCl;) cause a rise of 
resistance followed by a fall. There are great differences among these 
substances in respect to the effects which they produce, but as far 
as the experiments have gone these differences are similar in all the 
plants studied. Thus it is foimd that the amormt of rise in resist- 
ance and its duration are much less in the case of Mg than of Ca 
and this applies to all the plants mentioned. 

Rhodymenia agrees with Laminaria in showing a rise in resistance® 
in CaCU, BaCl;, SrCl;, MnCU, NiCl*, and a greater rise in alum, 
Ce(N 03 ) 3 , and La(N 03 ) 3 . 

Ether produced a rise in Laminaria and Uka {Zosiera was not 
studied). In Rhodymenia ether (2.5, 3, 5, and 5.5 per cent by vol- 
ume), chloroform (0.02, 0.03, and 0.05 per cent by volume), and 
alcohol (1, 3.5, 7, 8 per cent by volume) added to the sea water pro- 
duced little or no rise. This is not surprising in \dew of the fact 
that tliese substances always produce less rise in Laminaria than 
does Ca and that even Ca produces \e.vy little rise in Rhodymenia 
(Fig. 1). In respect to recovery- from the injurj' caused by these 
substances Rhodymenia agrees with Laminaria in that recover}- is 
practically complete in alcohol (if the fall in resistance has not gone 
too far), but is almost entirely absent in ether and chloroform.® 

In general it was found that substances of one class antagonize 
those of- the other, not only in the e.\periments on Laminaria,' but 
also in the cases of the other plants mentioned. As was to be ex- 
pected, the most favorable proportions were not always the same for 

® Oslcrhout, Bot. Gaz., 1915, Ibc, 317, 464. 

'Oslerhout, Bot. Gaz., 1916, ki, 148. 

' Osterhout, Science, 1915, xli, 255. 
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the different plants. Thus it was found that in the case of Rhody- 
vienia it required more Ca to antagonize Na than it did in the case 
of Laminana. It was also observed that in the case of Rhodymema 
(Fig. 2) the antagonism was not so great as in Laminaria and this 
appears to be correlated with the fact that less decrease of permea- 
bility is produced by Cain Rhodymenia (Fig. 1). - In other words, the 
effect of such a substance as Ca upon permeability not oiffy indicates 



Fig. 1. Curves showing the effect of CaCl; 0.278 Ji on the electrical resist- 
ance of Laminaria (upper curve) and of Rhodymenia (lower curv'e). The ordi- 
nates denote net electrical resistance expressed as per cent of the normal re- 
sistance in sea water (which is taken as 100 per cent). Temperature 17° — 2°C. 
Average of sLx experiments. Probable error less than 3 per cent of the mean. 

what substances it will antagonize, but also, to some degree at least, 
the amount of antagonism. 

It may be added that Rhodymenia affords an interesting confirma- 
tion of the value of the electrical method in measuring antagonism 
since the plants begin to change color soon after injurj'^ occurs. It was 
found that the relative rates of death as indicated by color changes 
in NaCl, CaCh, and tlie various mixtures corresponded with the re- 
sults obtained by determining conductmty. 
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One of the most interesting experiments on Laminaria consists m 
placing it first in NaCl (causing a fall in resistance) and then in 
CaCl«rcausing a rise. In tliis -w&y rapid changes of permeability may 
be produced and the alternation may be continued for a considerable 



Fig. 2. Cup.’cs shov.-ing antagonism (after an exposure of 24 hours) betvreen 
iCaCl 0.52 it and CaCl; 0.278 u in Laminaria (upper curve) and RJwdymenia 
(lower curve). The ordinates denote net electrical resistance e.xpressed as per 
cent of the normal resistance in sea water (which is taken as 100 per cent). The 
abscissa; denote molecular proportions of the solutions (all the solutions having 
the conductivity of sea water). Thus NaCl 85, CaCh 15 signifies a mixture 
of 75 cc. NaCl 0.52 u + 25 cc. CaCl; 0.278 it in which the molecular propor- 
tions of Na to Ca arc as 85 to 15. Temperature 17.5° — 5°C. During the 24 
hours the resistance of Laminaria in sea water remained practically unaltered 
while ll'.at of Rhodymc}::a fell to 84.5 per cent. Average of six experiments. 
Probable error less than 5.2 per cent of the mean. 
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period ivithout anj^ bad after eflfects.® This is also the case with 
the other plants studied. 

It appears that in all the plants investigated there is a striking 
agreement in essentials, though there is considerable diversit}'^ in de- 
tails. It is therefore e^ndent that the conclusions drarni from the 
study of Laminaria are of general validit)’’ for all the plants investi- 
gated. It is hoped that similar studies on animals may be presented 
in the near future. 

SUMMARY. 

Quantitative studies on Laminaria (a brown alga), Uha (a green 
alga), Rhodymenia (a red alga), and Zosiera (a flowering plant) show 
that the behavior of these plants, in respect to changes in permea- 
bility, is essentially alike in all. cases. 


® Osterhout, Bol. Gaz., 1915, lix, 242. 



NATURE OF THE RETARDING INFLUENCE OF THE 
THYMUS UPON AjMPHIBIAN METAMORPHOSIS. 

By EDU-‘^RD UHLENHUTH. 

{From (he Laboratories of The Rochefellcr Institute for Medical Research.) 

(Received for pubKcation, October 18, 1918.) 

There is a general agreement concerning the influence of the thjToid 
pon the metamorphosis of anuran amphibian lart'as. AH authors 
rho reported experiments on feeding thjToid to tadpoles, regardless 
f the locality in which they were carried on and on whatever species 
if anura they were performed, invariably found that thjnroid feeding 
•Iways resulted in a precocious metamorphosis. The experiments on 
hymus feeding, however, are characterized by just the opposite 
eature, the results being veiy^ inconstant. Thjanus feeding some- 
Imes resulted in retardation or entire prevention of metamorphosis; 
jometimes it had no effect as compared with the controls. Such dif- 
ferent action not only was obtained in the experiments of different 
authors, performed on different species and at different places (Guder- 
natsch obtaining positive, Swingle negative results), but even when the 
same investigator experimented on the same species different indi- 
%iduals were affected differently by the thjmus diet (Romeis). Nev- 
ertheless, it is certain that in some cases thymus feeding actually pre- 
vented metamorphosis and resulted in giant lar\'s, while no such 
effect was obtained in the controls on the normal diet. 

It seems necessary therefore to e.xplain why thjmus feeding some- 
times does and sometimes does not prevent metamorphosis. 

The writer performed a large number of experiments on the larvs 
of Amhystoma vtaculaliim,^ Ainbystoma opacum, and Ambystoina 
tigrinum, and it was found that while the thjToid contains a spedfic 
substance enforcing metamorphosis, the preventive effect of thjmus 
feeding is due to the absence from the thjmus of a substance neces- 
sar>- for the formation or excretion by the thjToid of the substance 
causing metamorphosis. 

_ ‘ For nomcndalure of salamanders see Stejneger, L., and Barbour, T., A check 
list of Xorth .\mcrican amphibians and reptiles, Cambridge, 1917. 

305 


306 


INFLUENCE OF THYIIUS 


hiMbiiory Effect of the Thymus. 

-Some experiments maj' be reported briefly shondng that thjanus 
feeding sometimes actually prevents metamorphosis, though in the 
majority of the lars'ie it has no such efl'ect. 

In a set of lars'^ae of Ambystoma mamdahm, kept at approximately 
. 15°C., fed on tubifex and earthworms, and consisting of about 100 
specimens, most of the lan^ie, which had hatched in the beginning of 
•May, 1916, metamorphosed during tlie months of August and Sep- 
tember. On October 21, eight of these were still lars'ie. These 
were picked out to form a series of normal controls (c. W. 1916). 
In a set of eighteen lan^ffi of the same species and of the same age 
and kept under the same conditions as the above series, but fed on 
th}Tnus soon after hatching, nine Iar\'re had metamorphosed up 
to October 21. The remaining nine were picked out to form a 
thymus-fed series (c. T. 1916). The worm-fed lan^as of Series c. W. 
1916 metamorphosed at an age of 28 weeks and 6 days on an average; 
the first laix'a to metamorphose was 25 weeks and 4 days old at the 
time; the last one 33 weeks and 4 days. Among four lan'se of the 
th 3 nnus-fed Series c. T. 1916, the first animal was 27 weeks old when it 
metamorphosed, the last one 55 weeks and 2 da)’s. Of these four lan^ae 
the average age at the time of metamorphosis was 35 weeks and 2 da 3 'S. 
The other five lan^ffi of the th 3 'mus-fed series died before meta- 
morphosis; three at the age of 31 weeks and 2 days, one at the age 
of 40 weeks and 3 days, and one at the age of 62 weeks and 3 da 3 ’s. 
Thus one animal of the thymus-fed series remained larv'al for about 
1 year and 3 months; at this time it did not show an 3 r signs of meta- 
morphosis and it seems possible that it would have remained per- 
manently in a larv'^al state. The vniter so far has never observ'ed in 
his normal controls individuals which remained lar\-al for so long a 
time. Thus there can be no doubt that in this th 3 mus-fed series 
metamorphosis was retarded as compared vdth the controls and in 
one case probably was even prevented. 

In a series of eight lar\m of Ambystoma opaciim, which were kept at 
about 25°C. and fed moderately on earthworms, the average time of 
metamorphosis was 26 weeks; in a series of eight larvie of the same 
species of the same age and from eggs of the same female as the 
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lan'Ee of the foregoing series, the larvse were fed on thjonus and with 
the largest possible amount of this diet; otherwise they were kept like 
the worm-fed controls. The average time of metamorphosis in this 
series was 17 weeks and 5 days; i.e., less than in the worm-fed series. 
In this number, however, two lar\'as are not included, both of which 
died before metamorphosis; one of them reached the age of 31 weeks 
and 2 days, the other 34 weeks and 1 day without ha-\dng metamor- 
phosed. Thus in this series again a considerable delay (if not an in- 
hibition) of metamorphosis was produced by the thjTnus diet in two 
animals. 

A third species, Avibyslovia tigrimim, was experimented on. This 
species, as mentioned in a recent publication- shows the least effects 
when fed on thjTnus. Among six animals kept at approximately 
25°C. and fed on th^-mus, the larx-ae metamorphosed simultaneously 
■with the controls. Among six other animals kept at approximate^ 
15°C. and fed on thjTnus, only five laiwae metamorphosed simultane- 
ously with the controls (between 22 and 26 weeks after hatching), 
while one indi\’idual though now over 74 weeks old is still in lar\'al 
condition. Thus also in this species thjTnus feeding apparentl}’’ 
resulted in a considerable retardation of metamorphosis though only 
in one indiiddual. 

From these experiments on urodelan larx’se it is again exddent that 
the effect of the thx-mus is extremely variable. But it is also a fact 
that in some of the larx’se metamorphosis was retarded by the thj-mus 
diet and in two probably completely prevented. Further e.xperi- 
ments, therefore, were carried out to determine this point. 

luJdbitivc Eject of Thymus upon AmpMhian Metamorphosis Is a 
Deficiency Phenomenon. 

It is clear that the considerable variability of the action of the 
thj-mus cannot be e.xplained on the assumption that the inhibitive 
effect of tliat gland is due to tlie presence of a specific inhibiting sub- 
stance in the thj-mus. But it can be e.xplained if this effect is due to 
the absence from certain parts of the th\-mus of a substance necessarj' 
to produce metamorphosis and which is contained, in minute quan- 

= UhlenhuUi, E., J. Gen. Physiol., 19IS. i. 23. 
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titles, in other parts of the thymus, in normal food, and perhaps in the 
water of certain localities where unsuccessful experiments on thymus 
feeding have been carried out. 

If the preventive influence, which the thymus exliibits in some of 
the larvae, is due to the presence of some specific metamorphosis- 
inhibiting substance, metamorphosis evidently should be prevented 
by the thymus even if normal food is added to the thjrmus diet. 
This is the case, for instance, with the metamorphosis-producing 
substance of the thyroid gland. Lenhart^ has shown that if a cer- 
tain amount of the active substance of the th 3 noid, able to produce 
accelerated differentiation and not large enough to result in death 
from emaciation before differentiation can take place, is introduced 
into the organism, differentiation will be accelerated and at a definite 
rate, whether the tadpoles are fed only on thyroid or whether some 
other food (liver) is added to the glandular diet. In fact, it seems, 
from all e.xperiments so far performed with thyroid, that it is of no 
importance what food the larvre receive; the addition of only a 
minute quantity of thyroid substance causes metamorphosis at an 
accelerated rate. We found the same to be true for the lan^je of 
salamanders. Young (5 weeks old) larvae of Amhystonia opacum 
which were fed on earthworms, were placed in a 0.02 per cent solu- 
tion of iodothj^rin ; in spite of the earthworm diet and of tire small 
quantity of thyroid substance used (Bayer’s iodothjain), all larvae 
metamorphosed from 8 to 9 days after the commencement of the 
thyroid treatment, while the controls needed 7 to 8 weeks more to 
metamorphose. The thymus itself contains a specific substance which 
is highly toxic and produces tetany in the larvae of Avihystoma macu- 
lalim and opacum as described in a former article.® The action of 
this substance as regards its constancy is quite similar to the action 
of the metamorphosis-producing substance of the thyroid and ver^’- 
uiJike the metamorphosis-inhibiting action of the thymus. No mat- 
ter what food is added to the tlijmus diet larvre fed on thymus always 
had tetany. And like the thyroid substance, tire tetany toxin of the 
thymus is also cliaracterized by the constancy of its action; it pro- 
duces tetan}^ in each indi^^dual. 


® Lcnhart, C. H., J . Exp. Med., 1915, xxii, 739. 
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It is quite different with the prevention of metamorphosis by the 
thymus. If normal food is added to the thjmius diet, metamorphosis 
will take place in each individual at the same time as in the controls. 
This is shown in the following experiments on larvae of Amiysloma 
viaailatnm of the same age, from eggs of the same female, and aU 
kept at approximatety 25°C. One series of 30 larvm was fed o^y on 
worms, one series of 15 larvae onlj' on thjmius, and one series on 
th 3 mius and worms altematety. Fig. 1 shows the result. The larvae 



Fig. 1. Effect, of worm diet when added to th>Tnus diet upon metamorphosis 
and tetany in Amhystoma maciilatum larvae. Curves indicate percentage of 
tetanic animals. 

of the rmxed food series metamorphosed simultaneously with those 
of tlie control series, which were fed on worms only; while in the 
series fed on thjmius, metamorphosis started when aU animals of 
the series fed on worms and on worms and thvTnus alternately had 
already metamorphosed, and the last larval animal died about 12 
weeks later without having metamorphosed at aU. In other words, 
in tlie series fed on mixed diet the food added to the thjmius diet con- 
tained the substance which is necessaiy for metamorphosis and which 
is lacking in the thvTnus; and thus this substance was introduced into 
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the lan'al organism in such a large amount that metamorphosis oc- 
curred in this series simultaneousl}"- Tvath the controls. The ability 
of the normal food to counteract the inhibitive effect of the thjunus 
upon metamorphosis was the more conspicuous as the same food 
was quite ineffective in preventing the tetanic commlsions produced 
by the tetany toxin present in the th 3 Tnus; this ma}*^ be seen from 
tire curries which indicate the percentage of tetanic animak found 
at the time of obsen’’ation among the thjrmus-fed and mixed food 
series.^ 

That the action of the thymus is merely due to the absence of the 
substance necessary to produce metamorphosis, is also demonstrated 
in experiments in which thjmius-fed larvse are placed in a solution of 
thjwoid' substance. If the thjmius contained a specific metamorphosis- 
preventing substance, one would expect an antagonistic neutralization 
of the th 3 T:oid substance b}'^ the thjmius substance. But instead the 
thyroid substance even when present in minute quantities induces 
prompt metamorphosis in the thjTnus-fed animals. For the sake of 
illustration one experiment maj’- be reported here. A set of six 
thjonus-fed larvae of Amhystoma opacuvi was fed on thymus. At an 
age of 6 weeks the larr^ae were placed in a 0.02 per cent solution of 
iodotlij^in which after about 20 hours was replaced bj^ a 0.006 per 
cent solution. 8 da}’^s after the begirming of the thyroid treat- 
ment all the lar\^ae were metamorphosed although fed on thj-mus, 
while the controls not treated vdth iodothyrin needed from 6 to 7 
weeks more to metamorphose. In this series again we obsen'’e that 
the effects of the thymus, which actuall}' are due to the presence of a 
speciaP substance in the thjnnus, are not stopped b\' the thjToid 
treatment. The lars’-ae e.xhibited severe tetanic commlsions caused 
bj" the tetany toxin of the thjnnus; these con\mlsions occurred in 
spite of the thyroid treatment with undiminished strength. 

■* For detailed discussion see Uhlerihuth, J. Gen. Physiol., 1918, i, 33. 

^ The term specific in connection with the active principle of the thjToid 
gland has been avoided here, for it does not seem to be proved definitely that the 
effects e.xerted by the iodothyrin cannot be brought about b\- any other sub- 
stance or any other factor. Since the term specific refers not only to the origin 
of the inner sccretoiy’ substances but also to their effects, it is misleading in 
connection with the thyroid substance. 
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DISCUSSIOX. 

From the above experiments it is exndent that an exclusive thjmius 
diet sometimes can retard or even prevent metamorphosis. But 
while the ability of the thjToid to enforce metamorphosis is due to 
the presence in the thjToid of a special substance, the inhibitoiy’- 
action of the thjTnus is due to the absence of a substance without 
which metamorphosis is impossible. 

In order to appreciate this fact fully we must remember the ex- 
periments performed bj^ Allen® and Hoskins,* which have demonstrated 
that tadpoles whose thjnroid glands have been extirpated are unable to. 
metamorphose. This means that under normal conditions at the 
time of metamorphosis the thjToid begins to excrete the metamor- » 
phosis-producing substance which imder experimental conditions is 
introduced into the organism by feeding thjToid to the lars-E or keep- 
ing them in a solution of thjuoid substance. Since under normal 
conditions no thjuoid is fed to the animals and since it is the thyroid 
of the animal itself which excretes the substance in question, we 
must assume that the normal food of the larvae contains a substance 
which is necessary to develop the thjuoid of the lar\'a to a state 
in which it can excrete the metamorphosis-producing substance. 
MTiether or not the substance necessarj- to develop the tlijToid and 
furnished in normal conditions by the normal food of the laix-ae is 
identical vith the metamorphosis-producing substance excreted later 
on by the thjToid, cannot be decided at present; but in this respect 
the attempts made by Allen® to enforce metamorphosis of thyroid- 
less laiA-£B by feeding them on thjToid are important. If it is possible 
to enforce metamorphosis in thjToidless lar\'ae by feeding them on thy- 
roid, but impossible by feeding them normal food, the substances 
contained in tlie normal food are able to develop the thjuoid to the 
excreting stage, but they are unable to evoke metamorphosis in the 
absence of the thjuoid. and, therefore, they are not identical with the 
thjuoid substance. The results so far obtained by Allen point in the 
latter direction. It is this substance, necessarj- to develop the secre- 
torj- stage in the thjuoid. which is missing in the thj-mus. 

® .Mien, B. M., Sciascc, 1916, xliv, 755; J. Exp. ZooL, 1917-18. rriv, 499. 

• Hoskins, E. R., and Hoskins, M. M., Proc. Soc. Exp. Bio!, and ilcd ' 1917-18 
XV, 102. ■’ ' 



312 


INFLUENCE OF THYMUS 


The question arises now in which way do some ofthe thjnnus-fed 
lar\^as procure enough of the substance required for the development of 
tlie thyroid, while other th3'mus-fed larv^ae are tmable to obtain 
enough of it though all of these lar\fffi apparent^ are fed on an 
equally exclusive thymus diet? Altliough at present an exact state- 
ment on this matter is impossible we must seek its explanation in the 
fact that evidently the amoimt required is so small that it was diffi - 
’ cult in our experiments so far performed to control the sources which 
sometimes supplied this substance against our will. As to the actual 
source .of the substance it is possible that the connective tissue con- 
stituting the septa between the lobules of the thjunus may contain 
some of it; in fact, this is probable since the septa are in no way a 
specific tissue like the rest of the thymus. The possibility of some 
of the larvae having obtained, b3'' chance, more of the septa than others 
must be admitted. In this wa3'^ the great variability of tlie results 
of the same author could be explained. There is also a possibility 
that the water ma3’’ contain some of that substance; in favor of this 
would be the fact that some authors, like Svdngle,® did not obtain any 
retarding effects at all in their th3’mus-fed series. Of course, the dif- 
ference in the reaction of different indmduals of the same series of 
one experimenter can be explained less readily on that possibilit3L 

Our experiments suggest the possible character of the influence of 
environmental factors on metamorphosis. The problem of amphibian 
metamorphosis, as well as the problem of internal secretion, assumes 
a new shape in tlie light of that fact. On the one hand, it has become 
clear from the experiments of Allen and his followers that meta- 
morphosis is directly dependent on tlie action of a certain inner 
secretory gland of the ampliibian lan’^a; on the other hand, it is eii- 
dent that the development of the secretor3' stage of tliat inner secre- ' 
tory gland depends ultimate^ on certain purely emnronmental, 
non-glandular factors. And it is now time that we should recall 
such attempts as those made b3’- Dumeril® and von Chauvin^® to en- 
force or prevent metamorphosis by purel3’' external non-glandular 

6 Swingle, W. W., J. Exp. Zook, 1917-18, .wdv, 521. 

® Dumeril, A., Ann. sc. not., Zoo!., 1867, vii, 229. 
von Chauvin, j\I., Z. iviss. ZooL, 1885, xli, 365. 
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factors; these attempts in the case of von Chamnn doubtless vrere 
successful, though the actual relation between the factors employed 
and the result obtained cannot well be imderstood at present. 

SUIQIARY. 

1. Though thjTnus-fed salamander lar\'je often metamorphose 
normally, thjmus feeding sometimes retards and in rare cases in- 
hibits metamorphosis completely. 

2. The addition of normal food to a thjmus diet abolishes the in- 
hibitorj’’ effect of the thjmus. 

3. Addition of a small quantit}’' of iodothyrin leads rapidly to 
precocious metamorphosis of thymus-fed larvae. 

4. The inhibitoiy^ effect of the thjmus is not due to a specific in- 
hibiting substance in the thjmus, but to the absence from the thy- 
mus of a substance required to develop the thjToid to the secretory 
state. 




PARATHYROIDS AND CALCKHM METABOLISM. 
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(Received for publication, November 27, 1918.) 

j\IacCallum and Voegtlin,i as well as other authors, have found that 
in tetany resultiag from the extirpation of the parathyroids the Ca 
content of the blood and the organs (brain) is greatly reduced and 
that the introduction into the organism of Ca salts, subcutaneously, 
intravenously, or -per os, suppresses the teta ni c commlsions of the ani- 
mals operated on. These findings have been confirmed recently by 
Howland and J^Iarriott- in tetany of children. Spontaneous tetany 
in human beings has apparently the same cause as parathyreoprival 
tetany, both being due to the non-functioning of the parathyroids. 
Furthermore, it is known^ that after parathyroidectomy, tetanic con- 
^'ulsions may be suppressed by' bleeding the animals and substituting 
the amount of blood drawn by an equal amount of salt solution. 
From the latter fact MacCallum and Voegtlin conclude that in the 
absence of the parathyroids some toxic substance accumulates in the 
blood, which normally' is antagonized by the parathyroids. They 
assume further that the toxicity' of this substance is due to its ability' 
to combine, in some unknown way', with calcium which it extracts 
from the organs, causing its excretion and thereby diminishing the 
Ca content of the blood and organs. MacCallum thinks that the 
muscular com'ulsions in tetany are the result of the diminution of 
the Ca concentration, the function of the parathyroids being to regu- 
late the Ca concentration by antagonizing the toxic substance and 
thus preventing it from extracting the Ca salts from the body. 

.\s regards the existence of a toxic substance involved in the causa- 
tion of tetany, the writer has shown that such a substance actually 

MacCallum, W. G., and Voegtlin. C., J. Exp. Med., 1909, xi, 118. 

= Howland, J., and Marriott, W. McK., Bull. Johns Hopkins Hosp., 1918 
xxix, 235. ’ 
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exists and is contained in the th3nnus gland.® In the present article 
certain experiments mtU be reported demonstrating that calcium is 
able to suppress the tetanic convulsions, at least to some extent; the 
writer, however, was unable to comdnce himself that this effect upon 
tetany is characteristic for the calcium and furthermore the experi- 
ments in question, though they do not exclude a possible relation 
between the toxic substance and . the calcimn, prove conclusive^ 
that, as far as the animals used in these experiments are concerned, 
the tetany toxin, even in the presence of the calcium and in the ab- 
sence of convulsions, brings about severe lesions of the muscular 
system resulting probably from lesions of the central nervous system 
caused by the tetany toxin and not prevented by the calcimn. 

EXPERIMENTAL. 

In order to test the action of Ca lactate upon tetanic animals, a 
number of larvae of the salamander Amhystoma opacmn were fed on 
thjrmus and kept at the same time in a solution of Ca lactate in ordi- 
nary tap water; another set of larvae of the same age and from the 
same female were kept in a solution of Mg lactate of the same con- 
centration as the Ca lactate solution. A series of larvae from a dif- 
ferent female, fed on thymus, but kept in ordinary tap water, sensed 
as controls; since differences between lan'ae from different females as 
regards the severity of tetany when fed on thymus are so small as 
to be negligible, the error introduced by comparing lar\’ae of different 
females is very small. For each of the three thymus series one series 
was kept as control, in which all conditions were the same as in the 
thymus-fed series, except that small pieces of earthworms instead of 
thjunus served as food. None of the worm-fed control series de- 
veloped tetany. 

I. Thymus-Fed, Untreated Controls {Fig. 1, Curje l). — Six larvae of 
Ambystoma opacmn were fed on thjunus exclusively. As usual the 
tetanic attacks began after the larvse had reached a certain develop- 
mental stage® and soon reached a maximum. Each single individual 
came doum with tetanic convulsions. A^ffien metamorphosis was 

® Uhlenhuth, E., J. Gen. Physiol., 1918, i, 23, 33. 
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approached, tetanic convulsions ceased, .and after metamorphosis all 
larvae were free from it. 

Besides the tetanic comnilsions the other sjnnptoms of tetany were 
also present in all animals; the legs and feet became permanently 
twisted and contracted and the entire body assumed the shape char- 



Fig. .1. Tetanic comnilsions in a th>Tnus-fed series of A. opaciim (Curve I); 
in a thjtnus-fed scries, kept in Ca lactate (Curve II) ; and in a thymus-fed series, 
kept in Mg lactate (Curve III). The ordinates indicate the percentage of ani- 
mals showing tetanic convulsions at the time indicated on the abscasss. Con- 
vulsions of the entire body and convulsions of the posterior portion of the body 
alone are considered. 

actenstic of tetanic animals. The limbs and most of the muscles 
necessaiy for the movements of the animals became permanently 
paralyzed. 

77. TImnus-Fcd Scries, Kept in Ca Lactate {Fig. 1, Curve II ). — 
Seven larvrc of Amhystoma opacum were used, one of which died soon 
after the experiment had been started. Several days after the thy- 
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mus feeding had been started, one of the lar\^a 2 had a tetanic attack. 
8 days after the beginning of thjonus feeding the lar\'JE were 
transferred to a 1/1250 m solution of Ca lactate in tap water; this 
suppressed tetanic commlsions up to the 7th week, while in the un- 
treated controls tetany had started at the end of the Sth week. 
Though the concentration of tlie solution was lowered to only 1 /2500 M 
Ca lactate, the tetan)’’ curx'^e did not rise as it did in the controls, but 
remained low until at the end of the 10th week. The concentration 
of tlie solution was increased to 1/625 m, upon which the cun^e fell, 
but soon it rose again and, after a further increase of the concentration 
to 1/500 M, it fell to zero; this latter fall, however, is probabty due in 
part to the approach of metamorphosis, though the rise of the cun'-e 
soon after tlie commencement of metamorphosis was due to tetanic 
convulsions of two lar\'je. 

As compared with the control thjnnus series the tetanic convulsions 
in tlie Ca lactate series were doubtless somewhat decreased; in par- 
ticular it is very eindent that an increase of the concentration re- 
sulted in a fall of tlie cun^e. It is worth noting that in the Ca series 
as in tlie untreated th 3 Tnus series each single indiiidual suffered 
from tetanic commlsions though for a shorter period of its lan'al life 
tlian the lari'a: of the th}Tnus-fed, control series. 

The most important obser\-ation, however, is that though the mus- 
cular commlsions were decreased b)'' the action of tlie Ca salt, tlie 
other sjmiptoms of tetany, in particular the permanent paralj^sis of 
almost the entire muscular system, developed at the same time 
and with the same severity as in the untreated th)Tnus-fed control 
series. 

Finallj^, it should be mentioned that in tlie Ca series the metamor- 
phosed animals behaved entireh' differently from untreated tli}mius- 
fed animals. I^Tien tlie larx^ai metamorphosed, they w'ere taken out 
of the solution and placed on moist filter paper. As in all other 
tlijnnus-fed animals, their muscles were parah’zed and the shape of 
the body and of the legs was greatlj’’ deformed, abnormalities which 
they had acquired during the tetanic period; like the untreated thy- 
mus-fed animals, they did not suffer from tetanic commlsions. Sev- 
eral weeks, howmver, after metamorphosis tetanic conimlsions started 
again in the Ca animals, in contradiction to ivhat we have obserimd 
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in all the untreated thymus-fed animals. This surprising difference 
has not found so far any explanation and will not be considered 
in the present article, detailed discussion being reserved until further 
experiments upon this phenomenon are available. 

III. Thymus-Fed Series, Kept in Mg Lactate {Fig. 1, Curve III). 
Seven larvs of Avibystoma opaciim were used; one of them died soon 
after the experiment had been started. 8 days after the beginning 
of the thymus feeding and before tetanic convulsions had made their 
appearance, the larv’^as were transferred to a 1/1250 xr solution of Mg 
lactate in tap water. By this concentration tetanic convulsions were 
suppressed until the end of the 7th week; at this time one larva had 
comnilsions. But even though the concentration had been lowered 
to only 1/2500 si, no further consTilsions occurred until the 10th 
week; the concentration was increased to 1/625 si, upon which the 
curve fell immediately to zero. The concentration was further in- 
creased to 1/500 si; only one larva developed tetanic consiilsions of 
the posterior portion of the body, and no further attacks were observed 
among the larvae, the rise of the curve at the end of the 18th week 
being due to tetany of a metamorphosed animal. 

In this series the Mg lactate had a distinct and verj* definite influ- 
ence upon the frequency and severity of the muscular convulsions; 
not only is the curs^e running far lower than in the untreated thymus- 
fed series, but it is also lower than in the Ca series. Furthermore, 
three of six lars^ae had no muscular com-ulsions during the larval 
period. Esddently the effect of the Mg lactate in suppressing the 
muscular consnilsions during tetany is far greater than that of the 
Ca lactate, when used in the concentrations employed in these 
experiments. 

This influence of the Mg lactate upon the commlsions of the 
muscles, however, does not mean that Mg is able to suppress tetany, 
for the other symptoms of tetany, i.c. paralysis of the muscles and 
deformation of the extremities and of the body, develop and to the 
same degree as in non-treated th>-mus-fed lar\'n. 

Concerning the metamorphosed animals the same phenomenon is 
observed as in the Ca series. A number of weeks after the animals 
had metamorphosed and were set on moist filter paper without being 
exposed longer to 2ilg lactate, they began to suffer again from tetanic 
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convulsions. And two of the animals which did not have convulsions 
during their, larval period had commlsions after metamorphosis. But 
the third specimen, which had no commlsions during its laiY'-al life, 
never had tetanic con\nilsions; it was still alive 43 weeks after 
metamorphosis. 

DISCUSSION AND CONCLUSIONS. 

The experiments reported in this article are in full agreement with 
the facts known about the action of Ca and Mg salts in tetanic ani- 
mals. In the concentrations used here both Ca lactate and Mg lac- 
tate suppressed the muscular commlsions in the tetanic salamander 
lar^'as. The Mg lactate, however, appears to be more effective 
than the Ca lactate. At anj' rate the suppression of the tetanic 
commlsions does not seem to be a specific action of the calcium. 

•The most important result seems to be the fact that the salts used, 
though they prevented the muscular commlsions, did not prevent the 
other symptoms of tetany which in the salamander lar\'-ie are very 
definite and constant. The permanent spasmodic contractions and 
the paralysis of the muscles developed in spite of the presence of the 
Ca and klg. Furthermore, the muscular contractions and the 
paratysis developed even in such thjmus-fed animals in which the 
convulsions had been suppressed completely; this was the case in 
one of the animals of the Mg series. 

From* the experiments of Biedk and others it is likeh^ that the 
tetanic comnilsions are due to lesions of the central nervous system, 
since comnilsions of a leg can be prevented by isolating it from tlie 
central nerv-ous sj-stem by cutting the nerv^es which connect the 
muscles with the central nen-ous S3’^stem. Evidently these lesions of 
the central neiwous S3^stem are the cliief factor in tetan3’^, while the 
comnilsions of the muscles are onl3' an effect. In the lar\'ai of sala- 
manders these lesions find a definite expression in the permanent 
paratysis of almost the entire muscular S 3 ’Stem. 

In the w'riter’s opinion, MacCallum’s h 3 ^othesis that the tetan 3 ' 
toxin has a special affinit 3 ’- for Ca, thereb 3 ' diminishing the Ca con- 
tent of the organism, cannot be disproved at present. But .the 

■* Bicdl, A., Innere Sekretion, Berlin and Vienna, 1913, i, 126. 
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4. No substance, however, has been found so far to antagonize the 
tetany toxin and to prevent the development of the lesions of the 
central nervous system caused by the tetany toxin. 

5. This explains wh)’- in spite of the application of Ca or Mg and 
in spite of the suppression b}^ these substances of the tetanic con- 
vulsions the other symptoms of tetany develop and frequently lead 
to the death of the animal. 

• 6. Accordingly the most important function of the parath}Toids is 
to prevent the tetany toxin, by antagonizing it, from coming into 
contact with the central nervous system. 

The writer wishes to express his thanks to Dr. G. M. Me 3 'er, of 
The Rockefeller Institute, for preparing the solutions used in these 
experiments. 
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(Received for publication, October 15, 1918.) 

This paper is a report of some experiments upon the rate of recover}’ 
of Paramecium cauialitm from the cytol}riic action of fluorite rays. 
The organisms were exposed to the radiation emitted througli the 
fluorite window of the hydrogen discharge tube described in pre- 
Yuous communications.'- The intensity of the radiation was such 
that an exposure of 8 seconds caused cytolysis in 57 per cent of the 
exposed organisms. In order to study the rate of recover}' from 
the action of the rays, the entire 8 seconds of radiation was not 
given in one exposure, but in two portions of 4 seconds each, with a 
longer or shorter interx'al of time interx'ening between the two ex- 
posures. The relation between the length of this interval of time 
and the percentage of organisms cytolized was obsen-ed. 

The organisms used were from a pedigreed race of Paramecium 
caudalum, cultured in drops of nutrient infusion on concave micro- 
scope slides. A single organism was placed in a small drop (meas- 
ured to uniform size) and exposed to fluorite radiation on a special 
microscope slide proxdded with a fluorite window. The rays passed 
through the fluorite livindow of the microscope slide from below. 
After the exposure the small drop containing the organism was 
flooded with from one to two drops of infusion and the organism was 
transferred to a new concave slide and placed in a damp chamber for 
observation. The following day. the C}’tolized organisms were dis- 
integrated, while the organisms which surxived were active and 

' Bovie, W. T., The action of Schumann ravs on oreanisms. Bol. Ga- 
1916, ki,l. 

Hughes, D. M., and Bo\de, }\ . T., The effects of fluorite ultra-riolet light 
on the rate of di\-ision of BaramfdHm candaUim, J. Med. Research. 1918. Tvny 
25.1. 
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had usually undergone fission. From p^e^dous experiments^ on the 
effects of these ra 3 ’'s on Paraviecium caudaium we have learned that 
if tlie organisms are actively swimming 24 hours after tire radiation, 
the}' vdll continue to live and will multipty at the same rate as the 
non-radiated controls. The experimental results are given in Table I. 

It vill be seen from Table I that as the inten’-al of time between 
the two exposures increases, the per cent of cjdolized organisms de- 
creases. During the time between the two exposures the organism 
recovers from the effects of the first 4 second e.xposure so that when 
the second 4 second exposure is added the total effect is less than 
that of a single 8 second exposure. The amount of this recovery’’ in- 


TABLE I. 

Rate of Recovery from the Action of Fluorite Rays. 


Interval of time 
bettreen ' 

Total^No. of j 
organisms ex- ‘ 

No. of organisms 
cytolized. 

Cytolysis. 

Calcubtcd No. 

exposures. 

posed. 


Corrected. | 

cytolized. 

tnw, 

0 

72 

41 

percent \ 

57.0 

per cent 

50.0 

41.0 

7.S 

47 

20 

42.7 

35.7 

19.75 

IS 

54 

17 

31.5 

24.5 • 

17.0 

30 

49 

9 

18.3 

11.3 

9.35 

60 

50 . 

3 

6.0 

1 

4.9 


After one e.xposure of 4 .seconds the per cent of cytolysis -n’as 7. 


creases as the inten’al of time between the two exposures increases. 
For example, when the interyal of time between the two exposures 
was 1 hour, the organism had so completelj’’ recovered from the effect 
of the first exposure that the combined effect of the two exposures 
was no greater than that of a single 4 second exposure. 

7 per cent of all tlie organisms receiving a single 4 second exposure 
cytolized. If we subtract 7 per cent from each of the percentages 
giv'^en in Column 4 of Table I, we obtain the v^alues given in Column 
S. Tliese v’^alues are plotted in Fig. 1 as ordinates against the inter- 
vals of time as abscissa:. The points fall upon a smooth curve. The 
shape of the curve suggested that the process of recovery might be 
adequately represented b}- the equations which govern homogeneous 
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Fig. 1. Graphic representation of the recover^' of ParorKccium ccudaliiTtt 
from fluorite radiation as a function of time. The per cents of c^tolysis are 
plotted as ordinates and the intcr\-als of time between the two 4 second expos- 
ures are plotted as abscissa:. The cui^-e is a graphic representation of the equa- 
tion -V -- A'ct , in which K equals 0.0473, A'd equals the per cent of c\'tolvsis 
uhen the time interval is zero, and A* the per cent of cytolvsis after the inter- 
vals of time, I. t is tl.e base of the natural sj’stem of logarithms. 
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mass reactions. I have plotted for comparison the curv^e for the 
monomolecular reaction formula 

X = Xo€-^' 

when K equals 0 . 0473 , A^'o equals the per cent of cytol)^sis when the 
time interval is zero, and A^ the per cent of c}dol3>-sis after the inter- 
vals of time, t. The calculated number of cjTolized organisms is 
given in Table I. It will be seen that the obsen’^ed percentages fall 
very close to the theoretical curve. 

WOien a number of organisms are exposed to fluorite ra^^s they are 
not all killed b}- the same length of exposure, but, owing to indimdual 
idios3mcrasies and unknown variations in tlie experimental conditions, 


T.ABLE n. 

Relation between the Frequency of Cytolysis and Length of Exposure to 
Fluorite Rays. 


Length of exposure. 

No. of organisms 
exposed. 

No. of organisms 
cytolized. 

Cytolysis. 

sec. 



per cent 

6 

51 

1 

2 

8 

100 

29 

29 

10 ■ 

106 

4S 

46 

12 

114 

79 

69 

14 

120 

109 

91 

16 

105 

99 

94 


some organisms are C3ToIized by a shorter exposure than others. 
These differences in susceptibility to the influence of rays ma3’^ affect 
the shape of the recover3’^ cur\-e. The nature of the effect vtII depend 
entirety upon the relative frequenc3’^ of c3'’totysis for various exposure 
times. 

The results of some experiments upon the relation between the 
lengtli of exposure and the frequenc3' of 03' tol3'sis are given in Table 
n and are represented graphicalty in Fig. 2 . It was not possible in 
these experiments to duplicate all of the conditions such as light in- 
tensit3% etc., of the recover3’- e.xperiments; thus a 4 second exposure 
did not cause an3' of the organisms to C3"tolize. The experimental 
results are, however, significant in connection with the recover3’^ ex- 
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periments, for as be seen by an inspection of Fig 2 , for expos- 
ures between 6 and 14 seconds duration, with but a single exception, 



Fig. 2. Graphic representation of the frequenej- of c^-tolj-sis of Paramecium 
caudalum as a function of the length of e.xposure to fluorite radiation. The per 
cent of organisms c\'tolized is plotted as ordinates, the leng;th of exposure as 
abscissa:. 


the curve expressing the relation between the frequency of evtolysis 
and the length of exposure is practically a straight line. That is, 
within the limits of e.xperimental error, there are just as many organ- 
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isms in the class requiring 10 seconds as there are in the classes re- 
quiring 12 or 14 seconds exposure to produce cytolysis. The point 
at 8 seconds is the only one which does not fall upon the straight 
line and this point could be brought very close to the Une by omitting 
the results of the experiments of 1 day in which the death rate was 
abnormally high. Such a distribution of susceptibility will have no 
effect upon the shape of the recoverj'^ cur\'e, and we may conclude 
that the correspondence of the recovery rate mth an e.xponential 
function of time is not entirely accidental but is the result of an orderly 
occurrence of the processes involved in the recover^' from fluorite 
radiation. 

We may find a cause for such uniformity if we assume that cytol- 
ysis occurs when a certain amount of some to.xic photoproduct has 
been formed. (The fact that no cyto^^sis occurs until the length 
of e-xposure is increased to 6 seconds is in harmony mth such an 
assumption.) Recovery then, depends upon the removal of the toxic 
substance. This removal is accomplished by orderly processes. . 

Since the rate of recover)^ is so nearly represented by tlie mono- 
molecular reaction formula, processes of a chemical nature suggest 
themselves. Otlier processes, however, may be conceived. If for 
example, the toxic substance were removed by diffusion out of the 
organism, the rate of recover)'- might correspond veiy^ closely to an 
exponential function of time, especially if the rate of diffusion in the 
outer limiting membrane were slow as compared with the rate -within 
the cytoplasm. For in this case, since the concentration outside of 
the organism would, due to the ciliary action, always be zero, the 
amount of toxic substance diffusing across the membrane in a given 
time would be proportional to the concentration of the to.xic substance 
remaining within. 

Wood and Prime® advanced a similar explanation for their obserx’-a- 
tion that it required a much longer exposure to kill carcinoma tissues 
m vivo than in vitro. They say^: “The constant supply of fresh nutri- 
ment to the cells by the blood and tlie removal of any chemical prod- 
ucts formed by the radium in the tissue, must account for this dif- 

®Wood, F. C., and Prime, F., Jr., The action of radium on transplanted 
tumors of animals, Ann. Surgery, 1915,' bdi, 751. 

^ Wood and Prime, Ann. Surgery, 1915, bcii, 759. 
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ference This suggestion makes the diffusion of toxic substances 
out of the radiated cell of interest in connection with the toxemias which 
often follow large doses of either uItra-\dolet, Roentgen, or -y-radia- 
tions. 

However, we cannot arrive at ver3' certain conclusions regarding the 
processes of recover}' until these experiments have been repeated with 
various exposure times, with various radiation intensities, and at 
various temperatures. Until the data from such experiments are 
available we may best leave the subject with the simple statement 
that during the inter\'al of time between the two exposures the or- 
ganisms recover from the effects of the first 4 second exposure so that 
when the second 4 second exposure is added the total effect is less 
than that of a single 8 second exposure. The rate of recover}' cor- 
responds very closely to an exponential fimction of time. 




SENSITIZATION TO HEAT- DUE TO EXPOSURE TO LIGHT 
OF SHORT wa\h:-lengths. 

Bl W. T. BO\'IE AM> ALICE KLEIN. 

{From (he Cancer Commission of Hamard University, Boston.) 

(Received for publication, October 25, 1918.) 

This paper is a report of some experiments on the effect of heat 
upon organisms ivhich have been exposed to fluorite rays. The ex- 
periments have jdelded valuable information concerning the mechan- 
ism of the action of raj's. They show that the exposed organisms 
{Paramecium caudalum) are made extremely sensitive to the influ- 
ence of heat. 

The experiments are of interest because they show the necessity 
of a careful control of the temperattire of the radiated organisms 
both during and after the radiation. Heretofore investigators have 
paid but little, if any, attention to temperature control in their 
radiation experiments. They have, perhaps, considered the matter 
unimportant, since the rate of most photochemical reactions is in- 
dependent of temperature. The effect of heat upon the organism 
which has been made sensitive to heat by radiation must be clearly 
distinguished from its effect upon the specific photochemical reaction, 
for in the former case the effect is upon a series of reactions initiated 
by the exposure and not upon the photochemical change itself. 

The heat sensitization resulting from radiation appears to be of 
general occurrence. It has been found in Laminaria exposed to the 
rays from radium emanation* and in egg white exposed to the rays 
from a quartz mercurj'-vapor lamp.*= In the case of the heat- 
sensitized egg white ^^sible coagulation occurs at a lower tempera- 
ture than in the non-radiated control. The degree of sensitization 
increases with the amount of radiation so that with sufiadent expo- 

* Unpublished experiments by the writer. 

= Bo\ne, \V. T., Temperature coefiicient of the coagulation caused by ultra- 
violet light, Science, 1913, xxxxni, 373. 
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sure coagulation occurs at Q°C. Gelatin, on the other hand, when 
heat-sensitized by radiation liquefies at a lower temperature than 
non-radiated gelatin.® 

The method of experimentation was as follows: By means of a 
method pre\dously described'* a single organism from a pedigreed 
culture of Paramecium caudalnm was exposed in a small drop of tap 
water (alwaj'^s of the same size) to the rays emitted through the 
fluorite ■u’indow of a hydrogen discharge tube. The drop of water 
containing the organism was maintained, unless otherwise stated, 
both before and during the radiation at a temperature of 16-17°C. 
After the exposure the organism was placed in a larger drop of tap 
water in the concavity of a microscope slide on the warm plate of an 
electric stove. The variable junction of a tliermocouple (made -witli 
No. 30 B. and S. gauge copper and “ideal” wires) was placed in the 
drop with the organism. The thermocouple circuit contained a gal- 
vanometer from which deflections corresponding to 0.1°C. could be 
read. The temperatures of the dish from which the drop of tap 
water was taken and the warm plate of the electric stove were so 
controlled that no change of temperature, capable of being detected 
by the galvanometer, occurred in the drop containing the organism 
during the experiment. 

No attempt was made to heat all the organisms used in any one 
experiment to precisely the same temperature. It was sufficient for 
these experiments to keep the temperature within a certain range. 
The organisms were exposed to the temperatures indicated below for 
a period of 60 3 seconds and -were then transferred to a culture 

drop and placed in the damp chamber vlth the controls for future 
observation. The experimental results are given below. 

Control Experiments. 

Experiment 1. Effect of Radiation Alone. — Organisms were radi- 
ated at 17-18°C., for 4 seconds and then transferred immediatel}'^ 
to culture drops without being placed on a temperature sKde. 

® Unpublished experiments by the -n-riter. 

* Bowe, tv. T., and Hughes, D. M., Rate of recovery from the action of fluorite 
rays, /. Gen. Physiol, 1918-19, i, 323. 
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Total No. of organisms radiated 

No. of deaths ® 

Per cent of death ® 

Experiment 1 shows that with the light intensities used, an expos- 
ure of 4 seconds to fluorite raj's is not sufficient to cause death of the 
organism. 

Experivieui 2. Effect of Extra. Ma}iipulalw]t of Placing on a Tem- 
perature Slide and Then Exposing to Heat. — Organisms were radiated 
for 4 seconds at 17-18°C., and then exposed on a temperature slide 


to 16-1 7°C. for 60 seconds. 

Total No. of organisms radiated. 30 

No. of deaths 3 

Per cent of death 10 


We had ohserv-ed that some of the radiated organisms appear to 
he stick}’ and it was thought that a certain per cent of the deaths in 
Experiment 5 might be due to accidental physical injury incurred 
during the transfer to and from the temperature shde. Experiment 
2 gives the result of an investigation of this question. 

Expcrmcnt 3. Effect of Heat Alone. — Unradiated organisms were 
exposed on a temperature slide to 24-28°C. for 60 seconds. 

Total No. of organisms 21 

No. of deaths 0 

Per cent of death 0 


The results obtained in Experiment 3 were to be expected. They 
are in agreement rxith those of Woodrufi and Baitsell^ on the tempera- 
ture coefficient of the rate of reproduction of Paramecium aurdia. 
According to these authors the optimtun temperatiure zone for repro- 
duction is between 24° and 28.5° C. 

Experiment 4. Effect of Heating First and Then Radiating. — Or- 
ganisms were exposed on a temperature slide to 24-26°C.. for 60 
seconds, and then radiated for 4 seconds at 17-18°C. 

Total No. of organisms radiated 

No. of deaths 

Per cent of death 

* W oodruft, L. L., and Baitscll, G. The temperature coefficient of the rate 
of reproduction of Parctr.crcium aurdia, J. Physiol., 1911-12, axis, 147. 




334 


SENSITIZATION TO HEAT 


Experiment 4 was made in order to determine whether or not we 
are dealing witli an additive effect instead of heat sensitization. 

Sensilization Experiment. 

Experiment 5. Effect of Radiating First and Then Heating. — Or- 
ganisms were radiated for 4 seconds at 17-18°C. and then exposed 
on a tempera.ture slide to 24-26° C. for 60 seconds. 


Total No. of organisms radiated 44 

No. of deaths 29 

Per cent of death 66 


Summary. 


IQI 

Treatment. 

Deaths. 

1 

Radiation alone 

per cent 

0 

2 

Extra manipulation 

10 

3 

Heat alone 

0 

4 

Heating first then radiating 

8 

5 

Radiating first then heating 

66 


In a previous paperi it has been shown that Paramecia recover in 
1 hour from the effects of a 4 second exposure to fluorite rays, so that 
an additional 4 second exposure does not increase the effects of the 
first. 

We were interested to see whether tlie organisms would likenise 
recover from the heat sensitization caused b}’’ an exposure of 4 seconds 
to fluorite rays. In the following experiments the organisms were not 
exposed to the higher temperatures immediately after radiation, but 
in order to permit recovery to take place were kept at the radiation 
temperature for varying periods of time. 

Recovery Experiments. 

Experiment 6. Recovery Period § Hour. — Organisms were radiated 
for 4 seconds at 17-18°C., and after ^ hour at 17-18°C. were exposed 
on a temperature slide to 24-28°C. for 60 seconds. 
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Total No. of organisms radiated. 

No. of deaths 

Per cent of death 


Experiment 7. Recovery Period 1 Fowr— Organisms tvere radiated 
for 4 seconds at 17— 18°C., and after 1 hour at ly— 18 C. vrere exposed 
on a temperature slide, to 24-28°C. for 60 seconds. 


Total No. of organisms radiated. 

No. of deaths 

Per cent of death 


Experiment 8. Recovery Period 5 Honrs. — Organisms vrere radi- 
ated for 4 seconds at 17— 18°C., and after 5 hours at 17-18°C. tvere 
exposed on a temperature slide to 24— 28°C. for 60 seconds. 


Total No. of organisms radiated. 24 

No. of deaths 0 

Per cent of death 0 


The organisms had nearly recovered from the heat sensitization 
caused by the exposure to fluorite rays in 1 hour, and had completely 
recovered in 5 hours. In this ability to recover the heat-sensitized 
Paramecium differs from the heat-sensitized egg -white, since the 
latter does not recover ho-wever long the inteiv'al of time between 
the radiation and the exposure to heat. 

The results of these experiments are clear cut, and sho-w that 
Paramccia which have been e.xposed to fluorite radiation are so sen- 
sitized to heat that they are unable to withstand, even for 60 seconds, 
temperatures which are optimum for non-radiated controls. 

Woodruff and BaitselP found normal Paramecia from a pedigreed 
culture able to withstand a temperature of oT for about 2 days. 

In tlie experiments on egg white, referred to above, it was sho-wn 
that egg white whidi is maintained at O’C., during the exposure to 
ultra-violet light, will, with the proper amount of exposure, coami- 
latc when it is warmed to room temperature. On the other hand, 
egg white which is maintained at room temperature while receKing 
an equal amount of e.\-posurc coagulates during the radiation. Now 
in this case it might not be improper to say that the coagulation is 
in reality not photocoagulation but is heat coagulation. The ese 
wh.ite has been heat sensitized by the radiation so that it can no 
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longer ivithstand normal room temperatures. We might, perhaps, 
with equal propriety say that the death of Paramecia following 
fluorite radiation is in reality a destruction by heat. The organism, 
as a result of the exposure, has been sensitized to heat so that it is 
no longer able to withstand its normal optimum temperatures. 

This statement is made in order to emphasize the importance of 
heat sensitization rather than to suggest an explanation of the 
nature of the action of rays. Nevertheless, no theory of tlie action 
of rays can be complete wliich does not take the results of such ex- 
periments into consideration. 



THE PHYSIOLOGICAL BASIS OF MORPHOLOGICAL 
POLARITY IN REGENERATION. I. 


By JACQUES LOEB. 

{From the Loborctorics of TheRochcfclIer Institute for Hcdical RcscotcJi^) 
(Received for publication, November 21, 1918.) 

IKTRODUCnOK. 

In two preceding papers’^ on regeneration in Bryophyllum calycimiin 
it had been shown that the mass of shoots formed in a leaf or in a 
piece of stem to the base of which a leaf is attached increases with the 
mass of the leaf. This proves that regeneration is a phenomenon of 
the order of nutrition and growth. 

The question arises how this conclusion harmonizes with the well 
known fact of the polar character of regeneration. YTien we cut out a 
piece from a higher plant or a lower animal the piece regenerates, as a 
rule, a shoot or head at the apical end and roots or a tail at the 
basal end. In a preliminar)' paper,- published a year ago, the writer 
described e.vperiments suggesting that the polar character of regenera- 
tion might be due to the existence in the circulating sap (or Ijmph 
and blood) of inhibitory- substances which prevent dormant buds or 
resting cells from growing out even if an adequate quantity of food- 
stuffs is available. It was shown by experiments on Bryophyllum 
calycmum that the leaves as well as the growing shoots have an in- 
hibitory influence upon the growth of all the dormant buds situated 
more basally in the stem. If we assume that these inhibitor}- influ- 
ences are due to certain constituents in the sap sent out by growing 
buds and by leaves, we come to the following theory of the polar 
character of regeneration. YLen we cut out a piece of stem from 
Bryophyllum and remove all tlie leaves, inhibitory substances will 
continue to flow in a basal direction in the stem. Since the; apical 

' Locb, J., Bot. Gaz., 1918, bc\-, ISO; J. Gen. Physiol., 1918, i, 81. 

■Locb, Scicr.cCf 1917, xlvi, 547. 
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region of the piece will be the first to become sufiiciently free from 
these substances, the buds situated at this end will be the first to 
grow out into shoots. As soon as this happens the new shoots ■nill in 
• their turn send out inhibitory substances in a basal direction in tlie 
stem, thereby preventing the growth of the more basalty situated 
buds. In tliis paper we shall present some of the qualitative evidence 
for the inhibitory effect of a leaf upon shoot formation, lea\dng the 
discussion of e.xperiments of a more quantitative character for a 
future paper. 



Fig. 1. Diagram showing arrangement of shoot buds in the stem of Bryo- 
phyllum calycinum. The line connecting the two buds in one node is always at 
right angles to the line connecting two buds in the ne.xt node. 

. We shall deal chiefly with the regeneration of shoots in the stem of 
Bryophylhm calycinum, which can proceed only from definitel}^ lo- 
cated buds. In the axil of each leaf of a stem there exists one bud 
capable of gi^dng rise to a shoot, which, however, never does so unless 
the plant is mutilated. Each node of a plant has two leaves in 
opposite position, and the axis connecting the two axillary buds in 
one node is always at right angles with the axis connecting the two 
buds of the next node (Fig. 1). Thus the line connecting the two 
buds g,t Node 2 (Fig. 1) is at right angles with the line connecting tlie 
two buds in Nodes 1 and 3, etc. The lower leaves in a stem fall off 
in time, leaving tlieir a.xillarj’^ buds e.xposed. No other element of the 
stem except the two buds in each node is capable of growing into shoots. 
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The elements capable of gh-ing rise to roots are not confined to the 
nodes but exist all over the stem in a definite layer of the cortex. It 
can be shown that the sap from the leaf flowing towards the base of a 
stem favors the growth of roots and inhibits the growth of shoots. 

Experiments on Polled Plants. 


^^^len we cut off the top of a potted plant oiBryopliyUum calycinuni, 
lea\nng a stem containing onh’ two leaves at the apical node, none 



Fig. 2. Top of plant removed; two leaves at apex which prevent growth of 
all the buds below. 


of the buds on the stem below the two leaves will grow out (Fig. 2). 
so long as the leaves are alive and able to send their sap to the base 
of the plant. The buds situated in the axil of the two leaves may 
after some time grow out. The two leaves inhibit' therefore the 
growth of all the buds situated more basally (Fig. 2). Each leaf 
inhibits the growth of the buds situated in the same half of the stem, 
and in order to prove this we remove in a second set of experiments 
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the top of a number of potted plants leaving onl}’ one leaf at the 
apex (Fig. 3). ^^’e must also remove the free bud opposite this leaf, 
since othen\dse this bud vill grow out and produce the same inhib- 
itor}- effect as the removed leaf would have done. In this case the 
e.\periment would only be a repetition of the preceding e.xperiment in 
which two leaves were left at the apex. WTien, however, we remoY-e 
one apical leaf with its axillary bud very often the one leaf left at 
the top suffices to suppress regeneration in the basal part of the stem 



Fig. 3. One leaf left at ape.x. Growth of shoots in the first node below the 
leaf suppressed, while the shoot in the second node below the leaf, but on the 
opposite side of the stem can grow out. 


as completely as if two leaves had been left. If regeneration occurs, 
it takes place in the highest node on the opposite half of the stem 
Yvhich is the second node below the leaf (Fig. 3). In the first node 
beloYv the leaf no bud can grotv out. I have never noticed an 
exception to this rule in a normal plant. A possible explanation 
of this phenomenon is furnished by Fig. 4. where that half of tlie 
stem through which the sap from the apical leaf flows to the base 
of the stem is shaded. Since the buds in the first node belorv 
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the apical leaf are in the path of the sap from the leaf the 

formation of shoots is suppressed m these buds. r\hde the bud m 
the second and fourth nodes below but on the opposite side from 
the leaf lies outside of the path of the conducting vessels from the 
leaf. Hence if any bud in such a stem grows out it is usually the one 
in the second node below but on the opposite side from the apical leaf. 
As soon as this bud grows out it will inhibit the growth of the 
lower buds in the same half of the stem. 



Fig. 4. Diagram explaining this inhibitorx- influence of the leaf on the theorx' 
that the descending sap from the leaf carries inhibitor^' substances. The re- 
gion of the stem reached by the sap from the leaf is shaded and in the shaded 
part regeneration of shoots is inhibited. 


The petiole of a leaf is attached with its base to one-half of the 
circumference of the stem. When we cut off half of the base of the 
petiole of a leaf, the sap sent out by that leaf can flow only through 
one quadrant of the next intemode. This should limit the inhibitor^’ 
influence of such a leaf to this quadrant of the node below, and this 
turns out to be the case. The top of a number of potted plants was 
cut off and only one leaf was left at the apex (Fig. 5). Half of the 



Fig. 5. One-half leaf and one-half petiole left at ape-x. One of the two shoots 
in node below leaf now grows out; namely, on the side where half the petiole is 
removed. 
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petiole of this leaf was removed at the base and also the correspond- 
ing half of the leaf itself was cut off, though this latter procedure is 
not essential for the result. The axillarj' bud of the other leaf was 
also cut out as in the preceding e.xperunent. Fig. 5 gives the result 
of such an experiment. The reader will notice that in this case one 
of the two buds in the first node below the leaf will grow out; namely, 
that one which lies beneath the removed half of the leaf. This bud 



Fig. 6. Shomng that the inhibitory- influence of an apical leaf upon shoot 
formation in the node below the leaf disappears when the size of the leaf is 
sufficiently diminished. Duration of experiment, Oct. 25 to Xov. 14. 


grows out since it no longer receives any of the sap from the leaf 
above. I have never seen the other bud in this node grow out. This 
experiment also succeeds in practically every- case. 

We have seen that if we remove one leaf and its a.xillary- bud at the 
apex of a topped stem, leaving only one leaf at the apex, the buds in 
the node below are practically always prevented from growing out. 
When we diminish the mass of the leaf sufficiently (as is done in Fig. 
61. this inhibitory- influence ceases and every- plant forms a shoot in 
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Fig. 7. Control e.xperiment to Fig. 6. Duration of e.’cperiment also from Oct. 
25 to Nov. 14. 
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each of the two buds in the first node. Fig. 7 shows the control 
e-xperiment; namely, sLx stems each xvith one whole leaf at the apex. 
Not a single stem has formed a shoot in the first or any other node 
below the leaf. Both sets of experiments were carried out simul- 
taneously and both sets of plants were side by side in the same 
flower bed. 

WTien we reduce the mass of a leaf 10 days after the experiment is 
started and when the new shoots begin to form, the mhibitorx* effect 
nevertheless becomes noticeable. 



Fig. S. Proof that traces of inhibition of a leaf upon shoot formation are also 
noticeable in the more apical shoots. Old leaf left at Erst node below the apical 
node. The two Leaves 1 and 2 of the new shoot in the apical node which are 
normally of equal size show a constant difference. Leaf 1 (on the side where the 
old leaf is) being smaller than Leaf 2 (on the opposite side). 

Demonstration of the Inhibitory Influence of a Leaf on Shoot Formation 
in a More Apkal Xode. 

We can state as a general rule that a leaf accelerates the growth 
of shoots at the apex and prevents or retards it in the basal parts of 
the stem. The leaf has. however, also a slight inhibitory effect on 
the more apical buds. In order to prove this it is necessary to make 
experiments like those represented in Fig. S. In a number of topped 
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plants one leaf is left at the node below the most apical one. In this 
case both buds in the most apical node grow out into a shoot giving 
rise as usual to two small Leaves 1 and 2. I^Tiile these leaves are 
normally of equal size, a t}'pical and constant difference exists between 
the size of the two leaves when one old leaf is left in the node below. 
Leaflet 1, which has the same orientation as this old and large leaf in 





Fig. 9. The inhibitory influence of the leaf upon an apical bud disappears 
also when the size of the leaf is reduced. Duration of e.xperiment, Oct. 24 to 
Nov. 7. 


the node below, is practical^ always smaller than the other. Leaflet 2 
(Fig. 8) . This difference is intelligible on the assumption that a small 
quantity of the inliibitor}’’ substances from a leaf flows towards the 
apex of the stem; these substances will reach the young leaf facing 
the same side of the stem where the old leaf is, while the}^ do not 
reach the other leaf. When we reduce the size of the old leaf, this 
inhibitory'^ influence disappears (Fig. 9). 
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This slight inhibitor}^ influence of a leaf upon the more apical buds 
shoBm in Fig. 8 can also be demonstrated in the growth of the second 
node above a leaf (Fig. 10). In this case the influence is noticeable 
only in the second pair of new leaves of a bud; Leaf 1 which has the 
same orientation as the old leaf remains smaller than Leaf 2. 

'WTiile in the basal region of a leaf the inhibitor}- effect is com- 
plete, it is comparatively slight in the apical part. 

Influence of Gravity upon the Inhibitory Action of the Leaf. 

All the experiments on potted plants described in the preceding 
pages can be repeated vdth the same result in stems cut out from a 
plant. We may omit a description of such experiments since they 
would constitute only a repetition of what has already been stated. 
But certain of tliese experiments }'ield some additional results which 
are of theoretical importance. 

The assumption that the inhibitory effect of the leaf upon the growth 
of dormant shoot buds is due to chemical substances sent out by the 
leaf is supported by the striking influence of gravity on regeneration 
in stems suspended horizontally. Long straight stems were cut out 
from a plant and suspended horizontally in an aquarium nearly 
saturated with water vapor. \^Tien two leaves are left at the most 
apical node of such pieces, none of the buds situated more basally 
will grow out. If, however, one leaf wdth its axiUar}' bud is removed . 
and the other leaf left, regeneration wtII occur, but the buds which 
vdll grow out w-ill show a characteristic difference according to'whetlier 
the leaf is on the upper or the lower side of the horizontally suspended 
stem. 

We suspend sucli stems so that the axis of the two most apical buds 
(one of which is removed wdth its leaf) is vertical (Fig. 11). In five 
stems the leaf is on the upper side and in five stems on the lower side 
of the stem (Fig. 11). AU the stems were originally horizontal but 
underwent the geotropic bending described in previous papers, 
whereby the upper side became concave. 

\Waen the leaf is below (right half of Fig. 11), shoots may be formed 
in 'the first node basally from the leaf. This occurred in three out of 
five stems drawn here. The other two formed shoots from the upper 
bud of the second node. 



Fig. 11. Influence of gra\-ity on shoot formation in horizontally suspended 
stems. The stems were originally straight but underwent geotropic bending 
during the experiment. In the stems to the right one leaf is left at the lower 
side of apex. In this case the shoots in the first node will grow out in half of the 
stems; in the second node only the upper bud will grow out. In’ the stems to the 
left the leaf is on the upper side. In this case the shoots in the first node are 
prevented from growing, and only the lower bud in the second and fourth node 
can grow out. Duration of experiment, Sept. 29 to Nov. 12. 
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■^Tien the leaf is above (left side of Fig. 11) none of the buds in 
the first node will grow out. If any buds grow out, they are either the 
second or fourth on the lower side of the stem. These shoots grow out 
with much delaj^ compared with the growth of shoots in stems where 
the apical leaf is on the lower side of the stem. 

The inhibitory influence is therefore greater when the apical leaf is 
on the upper than when it is on the lower side of a horizontally sus- 
pended stem. This influence of gra\'ity supports the idea tliat it is 
the sap sent out by the leaf which produces the inhibition. The 
diagrammatic Figs. 12 and 13 make tliis clear. In Fig. 12 the leaf is 
below and the path of the conducting vessels from the leaf is marked 
by black lines. The two buds of the first node lie on the upper edge of 
the sap flow containing the hypothetical inhibitory substances The 
buds of the first node may or may not receive enough of these substances 
to prevent their growth. Wflien, however, the leaf is above (Fig. 13) 
seepage from the vessels will cause the buds in the first and third 
nodes to be flooded with tlie sap and the inhibitor}^ substances con- 
tained in it, thus preventing their growth. The lower bud in Node 2 
(or Node 4) is outside the direct path of the conducting vessels of tlie 
leaf and hence the lower bud of Node 2 as well as of Node 4 may de- 
velop. Through die influence of gravity traces of the sap may pos- 
sible' reach the lower bud of the second or fourth node. This may 
account for the fact that growth of these buds is usually retarded. 

The reader will notice that these facts give us a neat method of re- 
stricting tlie growtli of shoots to the lower side of a horizontally sus- 
pended stem, contrary to tlie general rule that in such cases shoots 
arise on the upper side of the stem. ^^Tien we remove the lower half 
of such a horizontafly suspended stem (containing one leaf at tlie 
upper side of its ape.x) leaidng on the lower side only the region of tlie 
second node (Fig. 14),. regeneration of a shoot will occur only from 
the bud on the under side of this second node. The growth of the 
buds in the intact upper half of the stem is complete!}' suppressed 
and tlie growth of tlie bud on the under side of Node 2 is slow for 
reasons stated. No growth will occur on the upper side, except after 
the leaf is lidlted or conduction of its sap through the stem 
is interrupted. 
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Fjg. 12. 



Fig. 13. 

Figs. 12 and 13. Explanation of the influence of g^a^;ty on regeneration in 
horizontaUv suspended stems on the assumption that inlnbition is to sub- 
stances carried bv the sap sent out by the leaf. JlTien the leaf is belo . ( g. 
12), the buds in Nodes 1 and 3 are at the upper edge of the sap flow and ^ese 
buds mav or mav not escape the inhibitor>- eflect. In F>S- 1- l^f is above 
and the Lip flowing in the upper half is bound to r.^ch the buds m Nod^ 1 and 
3 and hence their growth is necessarily suppressed. The lower Buds 2 and ■x 
arc outside the sap flow and may dc\clop. 
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developed on. the lower side in the second node. • In the five stems on 
the right the mass of the leaf was reduced considerably. Four of the 
five stems formed shoots, two even in the second node on the upper 
side of the stem. In a repetition of this experiment half of the stems 
with a reduced apical leaf on the upper side formed shoots in the 
first node basalty from the leaf. 



ond node grows out into a shoot, while the shoot formation on the upper side 
of the stem is inhibited by the leaf. Duration of experiment, Feb. 13 to June 24. 

The reader will notice that the geotropic bending of the stems was 
considerably less in tlie five stems on the right with the reduced leaf 
than in the five stems on the left mth a whole leaf.^ 

®Loeb, Science, 1917, xlvi, 115; Ann. Inst. Pasteur, 1918, xxxii, 1; Forced 
movements, tropisms, and animal conduct. Monographs on Experimental Bi- 
ology, Philadelphia, 1918. 
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Fig. 15. Showing that reduction in size of apical leaf diminishes its inhibiton- 
tower On\he left, five stems each v,-ith large size leaf at apes, on upper side of 
stem ' Inhibition of shoot formation complete except in one stem where a shoot 
is formed in the lower bud of the second node. On the right, five stems each with 
reduced leaf on the upper side. Four out of five stems form shoots and two of 
these do so in the upper bud of the second node. Root formaUon and geotropic 
curvature arc considerably larger in stems with whole leaf than in stem.s with 
rcrluced Ic.tf. Duration of experiment, Oct. 29 to Nov. 23. 
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Correlation between Inhibitory Effect of a Leaf on Shoot Production and 
the Opposite Effect on Root Production in a Stem. 

The writer has already called attention to the correlation existing 
between -the inhibitory effect of a leaf upon shoot formation and the 
opposite effect on root formation. This is expressed among others in 
Fig. 15. The stems on the left side, with a full size leaf, at the apex, 
formed a considerably larger mass of roots in the same time than the 
stems on the right whose leaves are reduced in size. The larger the 
apical leaf the greater the mass of roots produced by the basal part 
of the stem in the same time and imder equal conditions; and the 
greater the inhibitory effect upon the shoot production in this part of 
the stem. 

A striking demonstration of this correlation is given in the upper 
row of drawings in Fig. 16. One-half of the leaf and one-half of its 
petiole were cut off. The leaf was at the base of the stem which 
contained only one node in front of the leaf. Generally only one of the 
two buds in the node situated apically from the leaf grew into a shoot; 
namely, the one on that side where half of the leaf was removed. 
The growth of the bud on the side where the half leaf was presen’-ed 
was retarded or suppressed. At the basal end of the stems roots 
developed, but at first only on that side of the stem where the leaf 
was preserved.'* Hence the leaf behaves as if it sent out, in addition 
to the material needed for regeneration, substances retarding shoot 
formation and favoring root formation. 

In the lower row of stems (Fig. 16) the leaf was preserved at the 
apical end of the stem. In this case the inhibitory effect of the half 
leaf on shoot formation is much greater tlian when it is at the base 
of the stem (upper row). Most of the stems in the lower row have 
not yet formed any shoots, but where a shoot was formed (as in 
Ilia) it was formed on the opposite side from that where tlie half 
leaf was preserved, while the roots were on the same side -with the leaf. 

In Fig. 16 the half leaf was above. In Fig. 17 the half leaf was 
always below. The result in Fig. 17 is the same as in Fig. 16, i.e., 
on the side where the half leaf is preserx’^ed the shoot formation is 
always retarded compared nnth that on the other side. The inhibi- 
tion is more complete when the leaf is at the apex (lower row) than 
when the leaf is at the base (upper row). 

* Later on roots may form on both sides of the basal end of the stem. 




I' 10 . 16. Upper row: liiilf leaf at base of stem. Slioot forniiition inhibited and root formation favored 
on that side of stem wlicrc petiole of leaf is preserved. Lower row: half leaf at apc.x. Inhibitory 
elTcct of leaf on shoot formation is more complete than in upper row. Duration of experiment, Oct. 24 
to Nov. 9. 
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Proof That the Leaf Sends Nutritive Material Also in the Basal Direction 

of the Stem. 

"WTien we suspend stems horizontally mth one leaf at the apex, the 
inhibitory effect of the leaf upon shoot formation is much stronger 
when bbe apical leaf is on the upper side of the stem than when the 
leaf is on the lower side of the stem. We can use experiments of the 
latter tj-pe to show that the leaf sends nutritive substances to the 
base as well as to the apex and that the fact that the leaf inhibits 
shoot formation at the base is not due to the leaf failing to send nutri- 
tive material in the direction of the base of the stem. The method of 
pro\Tng this consists in measuring the influence of the mass of the 
leaf upon shoot formation in the basal part of a horizontally suspended 
stem. 

Stems were split longitudinallj'- and suspended horizontally; each 
stem having a leaf at the apex, and on the lower side of the stem.® 
Fig. 18 gives the result of such an experiment. Pieces of stems pos- 
sessing two nodes and two leaves at the apical node are split longi- 
tudinally, so that each half stem has one leaf at the apex and one bud 
in the basal node. One leaf is left intact while the size of the sister 
leaf is reduced considerably. In Fig. 18 Leaves I and Ic, n and Ha, 
etc., are sister leaves. Practical!}’- each stem has produced a shoot at 
the basal node, but the shoot is invariably greater in the stems in 
the upper row where a whole leaf was at the apex than in the lower 
row where the apical leaf was reduced in size. The drawing was made 
on the 34th day of the experiment. It is obvious that the growth of 
the basal shoots increases -with the mass of the apical leaves and thig 
is proved by the relative weight of the leaves and shoots. 


Dicralioit of Experiment, 39 Days. 



W’t. of 4 whole leaves. 

Mass of 4 shoots. 

Shoots per ga. of leaf. 


gm. 

grr.. 

rtf. 

Fresh. 

17.035 

2.128 

125 

Drj-. 

1.1% 

0.193 

160 


\Vt.ol4 reduced sister 




Iea\TS. 



Fresh. 

Drj-. 

2.1S2 

0.140 

0.3S4 

0.027 

175 

103 


® If the leaf is on the upper side, we get too much inhibition of shoot form- 
tion, whereby the expenment is rendered difficult. 
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• -lor rpczults the experiment 

Other experiments gave between mass of leaf and 

does not reveal any stnct pr p ^ ^^ass of shoots with 

xnassof basal shootproduced, 

the mass of the leaves condusion. The leaf sends 

We therefore come to & stem, to the apex as 

material for growth m both . out inhibitory sub- 

^ell as to the base. It ease there must exist a 

stances in both directions, but if this be ^e^^se 

considerable difference m substance is sent in basal direc- 

much or almost all of e apical direction, so that spedal 

ssirsis:--" *■ — 

-.»."ssr2 

roots formed m the basa p^ ^ 

.::sr.ear r u.e .e., . .e 

lower row with a reduced leaf. 

discussion. 

this naner that a leaf inhibits the regeneration 
We ha^-e shoi™ m tbi^ ^per ^ 

of shoots m the leaf is reduced below a cer- 

mmished or cea^s ^e leaf is due to inhibitor>' 

tarn limit. If ^ "f ^7leaf to the basal parts of the stem we 

substances sen i these inhibitory substances flow also to 

it ispossible to demonstrate slight inhibitor,^ 

^^TiSiuen'^ o\"lrie^ u^on" thfre^neration of roots is exactly 
th" CIS on the ^generation of shoots. The leaf f avors 
So formation of roots in the basal parts, of the stem and th^ favor- 
able influence upon regeneration of mots in the basal part of a stem 

increases with the mass of the apical leaf. 

This gives us an indication of the role which a leaf plays m the 
establishment of the polar character of regeneration m tiie stem of 
Brvophxllum calvchium. MTien a piece of stem is cut out with a kaf m 
the middle, the leaf sends out nutritive material in both directions of 
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the Stem, since it can be shown that if once a shoot is caused to grow, it 
increases witli the mass of the leaf, no matter whether the shoot is sit- 
uated at tlie base or the apex. The leaf has a powerful inhibitor}’’ effect 
upon the development of basal shoots. If we assume this inhibitory- 
influence to be due to inhibitory substances we must further assume 
that not more than mere traces of these inhibitory substances reach 
the apex which are not sufficient to interfere with the growth of shoots. 
At the moment we cut out die piece of stem from a plant the stem con- 
tains throughout a sufficient quantity of these inhibitory substances 
to prevent shoots from growing, and these inhibitor}" substances wffil 
continue to flow in the descending sap towards the base of the stem. 
The most apical buds in the stem will hence be the first ones to become 
' sufficiently free from inhibitory substances to be able to grow and the 
regeneration of shoots will start at the apex of the piece of stem. 
As soon as the shoots are beginning to grow at the apex they in turn 
act like a leaf so that now the further growth of shoots at the base 
is permanently irdiibited. On the other hand, the influences which 
inhibit shoot formation at the base are associated or identical with 
influences favoring root production. Hence the leaf will favor root 
formation at the base of the stem and shoot formation at the apex. 
This gives an idea how the leaf may contribute by its “internal secre- 
tion” to the establishment of the polar character of regeneration. 

If it could be shown that plants possess a closed circulator}" system 
comparable to that of animals, all these facts might become easil}" 
intelligible if we assume that inhibitory substances for shoot formation 
(and favorable substances for root formation) are carried in the de- 
scending sap from the leaf to the root, where they are retained or 
altered, so that the ascending sap becomes practically (but not abso- 
lutely) free from these substances and contains only the nutritive 
material for the formation of shoots. 

The assumption that the inhibitory influence of a leaf upon shoot 
formation in the basal part of a stem is due to inhibitory substances, 
is not without analogy in biology. It is know"n that when twins in 
cattle have different sex the female is in the majority of cases sterile, 
and Lillie' has shown tliat there exists an exchange of blood between 

'LiUie, F. R., J. Exp. ZooL, 1917, xxiii, 371. 
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such embrj^os. This indicates that there exists in the blood of the 
male cattle embr^'O an inhibitor}^ substance -prhich prevents the normal 
development of the sex glands of the female embrj'o, 

A second case is that of the prevention of the development of the 
male plumage in the female fowl. Boring and Pearl' have shown that 
the ovar}’- of such females contains specific cells, the lutear cells, 
which are absent in the male. Boring and Morgan® have found that 
in the Sebright, where the male shows hen-feathering, lutear cells exist 
in the testes of the male bird. Since extirpation of the ovar}* in fowl 
and duck leads to the assumption of the full male plumage by the 
female (Goodale®), it seems as if some specific substance in the ov- 
ar)’ inhibited the development of male plumage in the female. This 
inhibitor}’^ substance ma}' be contained in the lutear cells, which, 
however, cannot well influence the development of feathers in an}- 
other way than by the secretion of some substance into the blood. 
The assumption that the inhibition of shoot formation in the basal 
part of a stem by a leaf is due to an inhibitor^' substance secreted by 
the leaf is therefore not without a precedent. 

It is, however, necessarx' to call attention to the fact that even 
if the inhibitor}' influence of the leaf upon shoot formation should 
turn out to be based on the chemical character of the sap sent out 
by tlie leaf, it does not follow that aU phenomena of inhibition and 
correlation in regeneration will find their e.xplanation on the same 
basis. Quantitative e.xperiments published in a former paper suggest 
that the inhibitory influence of a piece of stem on shoot formation ' 
in tlie leaf of BryophyUum caJycmum is due to the fact that the leaf 
sends its sap normally to the stem, and that as long as this happens 
the buds in the notches of the leaf caimot grow out.’® 

We shall show in the next communication that growing buds have 
inhibitor}- influences upon the formation of shoots comparable to the 
same influences caused by a leaf. 

‘ Boring, .}. M„ and Pearl, R., Aval. Rcc., 1917, xiii, 253. Pearl and Boring 
Alt;. J. Aval., 1918, xxiii, 1, ' 

® Boring, .}. M., and Morgan, T. H., J. Go;. Physiol., 1918, i, 127. 

® Good.ile, H. D., Biol. Bull., 1910-11, S3t, 35; .Iw. Xal., 1913, 139 - 

J- Bxp. Zool., 1916, XX, 421. ’ ’ 

’® Loci), .-li:):. Ir.st. Pasteur, 191S, xxxii, 1. 
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SUMMARY. 

1. In Bryophyllum calycmum two apical leaves suppress the shoot 
formation in all the dormant buds situated basally from the leaf; one 
apical leaf suppresses the shoot formation in. the basal buds situated 
in the same half of the stem where the leaf is, and, if one-half of 
the petiole of such a leaf is removed, the growth of basal buds in one 
quadrant of the stem is suppressed. 

2. This inhibitory influence of a leaf upon shoot formation in the 
basal part of a stem is diminished or disappears when the mass of the 
leaf is reduced below a certain limit. 

3. The inhibitory influence of an apical leaf upon the growth of 
shoots in horiaontall}'^ suspended stems is greater when the leaf is 
on the upper than when it is on the lower side of the stem. 

■ 4. All these facts suggest the possibility that the inhibitory influence 
of the leaf upon shoot formation is due to inhibitory substances 
secreted by the leaf and carried by the sap from the leaf towards 
the base of the stem. 

5. An apical leaf accelerates root formation in the basal part of a 
stem and this accelerating effect increases with the mass of the 
leaf. 

6. This inhibitory influence of a leaf upon shoot formation and the 

favoring influence upon root formation in the more basally situated 
parts of the stem is one of the factors determining the polar character 
of regeneration. ' 
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I. 

Many of the authors tvho have worked on the physical chenust^^ of 
proteins like Hardy, Pauli, hlichaelis, Robertson,^ and others, ha^e 
pointed ’out that the different properties of proteins, e.g swelhn 
viscosity, are affected by electroljdes in a parallel way, a w^ 
su<Tcrests fiat these variations are due to the same Yanable. ^e 
nature of this variable is not known and lie ma]onty of autiors 
beSve it to be connected witi tie colloidal character of the proteins, 
^vhUe others are inclined to assume a purdy Aemical or stoicluom^ 
trical relation. The reason for this doubt hes m the fact stated 
appropriately by Paui^ in discussing the influence of aad and alkah 
upon the osmotic pressure of gelatin. 

Pauli and Handoivski have pointed out that in these expe^ents too the 
essential feature is the formation of ionic protein But a satisfactorj- expk^- 
tion of this increase is still lacking, because ire have no m^ements of the 
molecular concentrations Mth the aid of other methods, ^luch prove that vre are 
dealing ivith a true osmotic pressure m the sense of x-an t HoS. 

Pauli assumes that the ionized protein undergoes a stronger “hy- 
dratation” than non-ionized protein and that this hydratation ex- 
plains the swelling of gelatin, as well as the apparent osmotic pressure, 
the latter being only a phenomenon similar to swelling. 


’ The reader is referred for the literature on the subject to Robertson, T. B., 
The physical chcmistr>- of the proteins. New York, 1918. 

= Pauli, W., Fortschr. i:atiirj:iss. Fcrschur.s, 1912, iv, 245. 
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It seemed to the writer that experiments on gelatin might per- 
mit us to satisfy the demand of Pauli; namely, to suppl}"- the molecular 
measurernents necessarj' to show that the osmotic pressure and the 
other properties of gelatin solutions vary in proportion to the 
amount of acid combining with a given amount of gelatin. In two 
previous papers the writer has already shown that this is true for 
the influence of neutral salts on these properties of gelatin.® Proc- 
ter’s^ experiments also indicate a purely stoichiometric basis for the 
influence of acids on the swelling of gelatin. 

According to Werner® amphoteric electrolytes are characterized by 
their ability to add H ions or OH ions and not by their ability to give 
off H and OH ions. It is generally assumed, and probably correctly, 
that when an acid like HBr combines wdth an amino-acid or a pro- 
tein, the reaction occurs in an NHo group of the amino-acid or pro- 
tein. According to Werner when NHs and HBr combine, the posi- 
tively charged hydrogen ion of HBr is attached by a secondarj- valency 
to the N whose three negative charges now hold four positively charged 
H ions. No other positive ion except H can act in this way. The Br 
is able to dissociate as freely in the NH^Br as in the free acid. The 
same assumption is to be made for the way an acid, e.g. HBr, com- 
bines with amino-acids or proteins. 

R<^ -H HBr = R<^ 

COOH COOH 


Such a molecule, e.g. gelatin bromide, dissociates into a positively 
charged gelatin ion and a negatively charged Br ion, the H ion of the 
HBr now forming a part of the complex and positively charged 
gelatin ion. _ _ 


n/ 

Gelatin 




COOH 


+ 

N^H 
Gelatin^ ^ 
COOH 


-hBr 


® Loeb, J., J. Gen. Physiol., 1918, i, 39, 237. 

^Procter, H. R., and AVilson, J. A., J. Chcni. Soc., 1916, cLx, 307. Procter, 
H. R., and Burton, D., J. Soc. Chem. Ind., 1916, xxx\'. 

®AA^emer, A., Neuere Anschauungen auf dem Gebiete der anorganischen 
Chemie, Braunschweig, 2nd edition, 1909. 
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Such a gelatin salt can only exchange the Br ■ndth the anion of a 
neutral salt and it is impossible for a complete molecule of a neutral 
salt like KCl to combine with the NH- group as has been assumed. 
The writer’s experiments on the action of neutral salts on gelatin 
treated previous^ with acid are in harmony with the ideas of emer 
and opposed to the assumption of a pentavalent N atom in the pro- 
tein molecule capable of adding a whole molecule of a neutral salt. 
We do not know ^’■et whether only one or more NH^ groups in the 
gelatin molecule are able to bind a molecule of HBr. 

Gelatin is an amphoteric electrol3d;e which at the isoelectric point 
(which for gelatin lies at pH = 4.7) is practicall}' insoluble. 'RTien 
we prepare a gelatin solution and give it a hydrogen ion concentra- 
tion of 2.10“^ (i.e. pH = 4.7), the solution in less than 24 hours 
becomes opaque on cooling in as low a concentration as 0.25 per 
cent and probablj- at an}- concentration; except that the opadt}'' 
due to the insolubility becomes too slight in ver}'^ low concentrations 
to be noticeable. This explains why gelatin at the isoelectric point 
has practically no osmotic pressure, no swelling, a minimal conduc- 
tidty, dscosity, etc. 

^Wien we treat isoelectric gelatin with a limited quantity of HBr of a 
low concentration a certain amoimt of gelatin is transformed into gela- 
tin bromide, which is soluble and dissociates electrolj'ticaUy. The 
higher the concentration of add used the more gelatin bromide is 
formed and the more molecules of gelatin go into solution, until at a 
certain point all the insoluble gelatin molecules are converted into 
soluble gelatin bromide molecules. Since a 1 per cent gelatin bromide 
solution should possess the same degree of electrolj-tic dissociation as 
tlie HBr combined with it and since a 1 per cent gelatin bromide 
solution on account of the high molecular weight of gelatin must be 
considered as a very dilute solution, we shall commit no great error in 
assuming a complete electrolytic dissociation of the gelatin bromide. 
If it is true that the increase in osmotic pressure of gelatin under the 
influence of HBr is merely due to an increase in the number of sol- 
uble gelatin molecules, it must be possible to show that the osmotic 
pressure in this case increases approximately witli the number of 
gelatin bromide molecules formed. This we intend to prove in the 
present paper. 
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WTiile Pauli is right in stating that gelatin treated b}- acid is more 
highly ionized than common gelatin, I cannot agree with him that it 
is this ionization which causes the difference in the osmotic pressure 
of the gelatin at the isoelectric point and gelatin treated with acid. 
The increase in osmotic pressure is as our numerical results will show 
merely the expression of the increase in the number of particles in 
solution and there is no need or room for the assumption that the 
hydratation or any other quality except the number of particles in 
solution has anything to do with this increase in pressure. 

Since viscosity and swelling var}”^ practically parallel with the 
osmotic pressure, these phenomena must also be a function of the 
number of particles or ions in solution. 

Hardy® has pointed out that the ionization of a protein increases its 
^^scosit}■, and the increase of \dscosity of gelatin with its ionization 
might then account for the parallelism between the curves for the 
bromine number and for the viscosity of the gelatin solution. 

As far as a tlieory of swelling is concerned, the only one possessing 
any quantitative basis at present is Procter’s.^ 

If we can, therefore, prove that under the influence of HBr the 
osmotic pressure of gelatin changes in proportion with the gelatin 
bromide formed, we have no further reason to question the purely 
chemical or stoichiometrical basis of the influence of acid upon all the 
physical properties of gelatin. 

II. Measurements vnthout Washing. 

1 gm. of finely powdered gelatin is put for 30 minutes at 15°C. 
into each of a series of beakers containing 100 cc. of HBr of a different 
concentration, varjing from m/8 to m/8192. As a control 1 gm.- of 
gelatin is put for 30 minutes at 15°C. into 100 cc. of distilled water. 
The powdered gelatin is then poured into a cylindrical funnel and the 
acid allowed to drain off. The diameter of all the funnels being the 
same, the height of the gelatin gives a measure for the relative amoimt 
of swelling. Each gram of gelatin is then put into 100 cc. of HBr 
of the same concentration with which it had been treated before and 
is liquefied by heating to StfC. Immediately after melting the time 


6 Hardy, W. B., J. Physiol., 1905-06, xsxiii, 251. 
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measurement constant m througli the \uscometer rvas 53 

The time ot outflow of dist^ ^ 

seconds. The two °‘ ^ concentration of add used as 

t“2: "a^add i:found the pH for the gelatin solution 
ascertained after the dscosit>- detemnnaPo . 



minimal values for curves at p ^ o R 

ma.ximum at pH between 2.8 and 3.2, and a drop when pH < 2.8. 

The rest of the liquefied solution of gelatin^ in add was ^en put 
into bags of coUodion,® to ascertain the osmotic pressure of the gela- 
tin solution, the pressure being expressed m of hmght of A 

column of 1 per cent gelatin solution m the glass tube mserted thro^h 
the tightly fitting rubber stopper closmg the bag of coUodion. The 

’Locb.J. Bm/.C/!cm., 1918, xxxiv._395. u 7 p- 7 r; 101 R 

s Lillie R. S., .-Iot. J- Physiol., 190/-OS, sx, 1-/- Loeb,J.Bio.. C/.cm., 1918, 
XX.W 497 It is hardlv neccssarv- to state that these bags are freely permeable 
for OTr and that HBr produces no osmotic pressure when put m such bags. 
There is a 'light rise of the column of liquid in the manometer at the beginning 
of the eT^criment which disappears completely in a few hours, while the rise 
due to the gelatin, for which the membrane is impermeable, is permanent. 
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outside liquid was in each case HBr of the same concentration as that 
in which the gelatin was dissolved. The whole experiment was car- 
ried on in a water bath of a temperature of 24°C. The cur\'^e at the 
top in Fig. 2 is the curve for the osmotic pressure observ^ed after 
about 20 hours, at which time equilibrium was established. 

The conductivity of the gelatin solution was then ascertained, as 
well as the amount of Br found in 25 cc. of 1 per cent gelatin solution. 
The curves are given in Fig. 2. A glance at Fig. 2 will show that the 
curve for osmotic pressure is not parallel to the cui^-^es for conducti%dty 
and for tlie Br number. It is, therefore, impossible to arrive from 
experiments of this type at a decision whether the influence of HBr 
(or other electrolytes) upon gelatin is of a stoichiometrical or of a col- 
loidal character. Yet those familiar with the literature of this sub- 
ject will remember that the conclusions of most colloid chemists are 
based on experiments in which the action of the electrolyte upon the 
protein was measured in the presence of an excess of electrolyte. 
The second fact which deserves attention becomes clear by a com- 
parison of Figs. 1 and 2; namely, that the minima which appear in 
the two sets of curves lie at different acid concentrations: in Fig. 1 
between m/256 and m/512, in Fig. 2 (for osmotic pressure) between 
m/2048 and m/4096. Comparing, however, the pH in the two sets of 
cur\’’es we notice that the minimum is at the same pH, namely about 
4.7, which is the isoelectric point for gelatin. A good deal of the work 
on which the colloidal theory of the behavior of proteins rests was 
done without any measurements of pH and by plotting the effect 
against the concentration of the acid. It is no wonder that work 
with two such shortcomings in its method did not furnish any proof 
for the stoichiometrical character of the action of electrolytes on the 
physical properties of amphoteric colloids. 

III. Effect of Washing. 

Our method consists in remo%’ing the excess of HBr (or of any other 
electrolyte) after it has had a cliance to act on the gelatin. 1 gm. of 
powdered gelatin is put again into each of a series of beakers for 30 
minutes at about 15° or 20°C., each beaker containing 100 cc. of 
HBr of a different concentration. Then the gelatin is poured on a 




Fig. 2. Curves for bromine number (cc. 0.01 n Br in 25 cc. of 1 per cent gelatin 
solution), conducli\-ity, and osmotic pressure of gelatin in presence of various con- 
centrations of HBr. Abscissx as in Fig. 1. No parallelism between curve for 
osmotic pressure and cuivcs for bromine number and conductivity. Curve for 
osmotic pressure has minimum at pH about 4.6, maximum at pH = 3.3, and then 
drops. No conclusion c.an be drawn from such experiments as to the “colloidal” 
or true character of osmotic pressure. Osmotic pressure measured in height of 
column of 1 per cent gelatin solution. 
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filter and the acid allowed to drain off. The swelling is measured' as 
described. From now onhhe method of procedure is different from 
that in the pre-viously mentioned experiment. Instead of melting 
tlie gelatin in 100 cc. of the acid solution mth which it had been 
treated, we melt it in 100 cc. of distilled water. The rest of the deter- 
minations — viscosity, osmotic pressure, conductimty, and titration 
for Br are all made "with such gelatin. Moreover, the osmotic pres- 


Rtfriion ol GeJitin-B? 


Rs^tco ef Celirif: 






MX « u j2 e< CJ as r c.^ « )t»* 

cn 22 25 a ’A £2 fcl H 7! 7j 


Figs. 3 and 4. Curves for viscositj' and swelling (Fig. 3); bromine number, 
conductmty, and osmotic pressure (Fig. 4) of 1 per cent gelatin solution treated 
previously with different concentrations of HBr (abscissas) the acid hawng been 
allowed to drain off. A 1 per cent solution of the gelatin vt dhlUkd -water is then 
prepared, and the osmotic pressure of this gelatin is measured against distilled 
water, and conductivity and Br number are determined after 20 hours dialysis 
against distilled water. The curv'es for osmotic pressure, sweUing, wscositj-, and 
conductivity are parallel to the cur\'e for bromine number from pH = 4.7 to 
pH = 2.9 or 3.3 respectively. The gelatin is free from bromine for pH P 4.7. 


sure was measured against HjO, thereb}'^ allowing more of the free acid 
not combined rvith the gelatin which had not drained off to diffuse 
out during the process. The result of tliis experiment is represented 
in Figs. 3 and 4. Fig. 4 contains the measurements for osmotic pres- 
sure and Br number, and the cun'^es are almost parallel (-with the e.xcep- 
tion of the value for the osmotic pressure for gelatin treated -with m/S 
acid). Tliis parallelism is the missing link which allo'n's us to decide 
in favor of the purely chemical and against the colloidal conception 
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of the influence of electrotytes upon the osmotic pressure. Since the 
bromine number of gelatin increases parallel with the osmotic pressure 
(and also the viscosity and the sivelling) of gelatin, these properties 
must depend upon the same variable; namely, the number of gelatin 
bromide molecules formed. 

We are giving the values for the bromine number and for conduc- 
tivities as actually found by analysis and measurements of resis- 
tance. These values demand, however, a correction owing to the 
fact that in all cases a certain amount of free HBr was present. 
The actually measured quantity for the bromine number is in each 
case the sum of the Br contained in the form of gelatin bromide and 
of the Br contained in the form of free HBr. The latter can be cal- 
culated from the pH. This value for the quantity of free HBr 
should be deducted from the Br numbers given in the curves. Since 
the correction thus required would be slight within the limits of pH 
from 4.7 to 3.6, we have omitted it in this paper. We maj" state, 
however, that the parallelism between the corrected curves for the 
Br number and those for osmotic pressure is even more perfect than 
that between our uncorrected cun^es for bromine number and the 
curves for osmotic pressure. The correction necessarj’- for the con- 
ductivity curves can be found by measuring the resistance of a HBr 
solution for each pH in the same measuring cell (OTth fixed elec- 
trodes) which served for the measurements of the resistance of the 
gelatin bro min e solutions. These corrections are greater than those 
required for the bromine number, especially for pH <3.9. In order 
to obtain reliable values for conductivity we must use purified gel- 
atin. Experiments of this kind will be reported in a subsequent 
paper. The conductivity measurements will not be considered in 
this paper. 

All three cun^'es for osmotic pressure, viscosity, and bromine num- 
ber show a drop again after having reached a maximum. This drop 
exists in a still more pronounced way in the curves for viscosity and 
swelling than in that for osmotic pressure, because the gelatin con- 
tained more HBr before than after dialysis. This drop is of great 
theoretical significance because it shows free HBr is present in excess of 
the binding capacity of gelatin for HBr. The free HBr represses the 
ionization of gelatin bromide on account of the common Br ion and 
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his causes the drop ^usXouli the collodion 

serins usuaUy trhen pH becomes <3.3 and the drop 

"^ro^ssTLining. by perfusing the 



Fics. S a.d 6. s.™ eurs-es as in Figs. 3 nnd 4 e„ept ttaj "■'1^'“ 

the acid had been aUoned to dram off seas washed once with 2a cc. oE ^0. 

Pamlielism between entee, for B. number conduCnmtj- osmoUc P™ (F® 

. j ii:«,T from nH = 4./ to pH = 3.0. jSo Br lound tor 

6), ^^scoslty, and swelling Irom pn. h 

pH 5 4.7. * 


gelatin on the filter mth 25 cc. of H.O, and if we aUow the water to 
drain ofi also before we make up the gelatin into a 1 per cent solution 
in distilled water, the drop disappear, as is ob^•lous from Figs, o 
and 6. In Fig. 6 tlie drop has disappeared, the pH gomg only to 
3.3, and in these cun'es there is as complete a paraUelism between 
the bromine number and the osmotic pressure of the gelatin solution 
as tlie strict validity of the theor>' of van’t Hoff demands. We still 
observe the drop for the cur\-es for \Tsco5ity and swelling, but the pH 
in these cases falls below 3.3; namely, to 2.2 (Fig. 5). 
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If instead of gmng one washing we give four washings witli 25 cc. of 
H 2 O after the acid has drained oft, -we avoid the low values of pH 
completely and the drop in the curves for swelling disappears (Fig. 


liosicctnc 

Region of GsIXtin-Bf point Re5»on c{ Gelafin 



'Fig. 6. See explanation under Fig. 5. 


7). The parallelism between the curves for bromine number, for os- 
motic pressure and swelling is now practically complete. 

The curves show distinctly that the independent variable is the 
bromine number. Thus in Fig. 7 this number was slightly in ex- 
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Fig 7 Same curves as in preceding figures except that gelatin, after the 
acid treatment, had been washed four times r^-ith H-.O. Explanation as in pre- 
ceding figures, ^^oticc that curves are parallel and the gelatm is free from Br 

for pH 5 4.7. 


is, therefore, the Br number which determines the curx'es, i.c. the 
amount of gelatin bromide formed. Fig. 8 gives the curt-es for eight 
washings. Again the parallelism between tlie cur\-es for the Br num- 
ber and the other physical properties is ob\-ious. 
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Fig. 8. Same curves 
Tvashed eight times uit 
pH? 4.7. 
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Fig 9 The abscissa; represent the bromine number, the ordinates the values 
for osmotic pressure found in three different experiments ivith 1 per cent gelatin 
solution pre\-iously treated isdth HBr and washed four times ivith water. Notice 
agreement between values. 


that to each definite Br number belongs a definite and absolute value 
for osmotic pressure, conductmty, swelling, and xdscosity. We can 
do this bv plotting tlie results oi different e.vperiments with the 
values for Br numbers as absdssre and the values for osmotic pres- 
sure, swelling, etc., as ordinates. In this case the values obtained for 
osmotic pressure in tlie different experiments should differ only within 
die limits of the accuracy of our measurements. 

In Fig. 9 the cun’es for three different e.xperiments with four wash- 
incs each arc plotted for osmotic pressure and for swelling. The 
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variations lie within the limit of error. In the experiments plotted 
in Fig. 10 the number of washings of gelatin varied. In spite of the 
difference in the treatment we notice that for the same Br number 
practically the same value of osmotic pressure was found in all 
experiments. Since the cuiv’^es for the other properties are parallel 
to the curx'e for osmotic pressure, it is not necessary to reproduce 
all the curv^es. 

TT'^e therefore reach the conclusion that the variation of the physical 
properties of gelatin under the influence of HBr is an unequivocal fu7tc- 
tion of the numher of gelatin bromide molecules formed and that col- 
loidal speculations not based on the laws of classical chemistry are - 
neither needed nor warranted. 
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Fig. 10. Absciss® represent bromine number, ordinates, values for osmotic 
pressure found in different experiments with 1 per cent gelatin solution previously 
treated with HBr an;! washed a different number of times. 


IV. Titration of Gelatin with NaOH. 

The following facts constitute an important link in the proof for a 
chemical theoiy of the action of electrolytes (in our case HBr) upon 
the physical properties of gelatin. 

We notice that in all the curves tlie gelatin was found to be abso- 
lutety free from Br at the isoelectric point as well as on the alkaline 
side from the isoelectric point; i.e., it was free from Br whenever 
pH ? 4.7. Yet this gelatin had been treated with HBr. The fact 
that HBr caimot combine or remain in combination with gelatin for 
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pH 5 4.7 is a further proof of the correctness of the purely chemical 
theoiy- according to -which for pH > 4.7 ionized gelatin can only exist 
as an anion, not capable of holdi n g HBr in combination. 

^^^len rve titrate 25 cc. of 1 per cent gelatin solution at the iso- 
electric point with 0.01 K NaOH, we find that it acts as an add, re- 
quiring between 5.25 and 5.5 cc. 0.01 N NaOH for neutralization 
against phenolphthalein. (The number of cc. 0.01 x NaOH required 
to neutralize 25 cc. of 1 per cent gelatin we will call the NaOH num- 
ber of gelatin.) WTien the pH of common gelatin, not treated with 
acid, is greater than 4.7 the NaOH number becomes less than 5.25 
cc., probably on accoimt of the fact that part of the gelatin exists 
as a metal gelatinate (probably chiefly Ca gelatinate) owing to iono- 
genic impurities remaining from the process of manufacture. Our 
premous papers have shown that at the isoelectric point gelatin is 
compelled to give ofi these ionogenic impurities. 

On the more acid side from the isoelectric point the gelatin con- 
tains Er and the Br number increases with decreasing pH. With the 
Exception of a small fraction this Br is held in combination with the 
gelatin as can be shown on the basis of titration -with NaOH of the 
gelatin treated predously with HBr and possessing a pH <4.7. In 
such a titration the gelatin solution whose pH < 4.7 is gradually 
rendered more alkaline through the addition of NaOH until finally^ 
its pH becomes equal to 4.7, and when that happens all the HBr held 
in combination ^dth gelatin must be set free. As a consequence in a 
titration of gelatin bromide -with NaOH two adds must be saturated 
^vith.NaOH, the pure gelatin, and the HBr set free when during the 
process of titration the gelatin reaches its isoelectric point. It fol- 
lows from this that the NaOH number found in this case must equal 
the sum of the Br number of tlie gelatin plus the NaOH number for 
gelatin at the isoelectric point; regardless of how the gelatin had been 
treated before and regardless of the pH for which this rule is tried 
out. 

If we denote a given pH with n, the NaOH number at this pH = n as 

“ (XaOH)n,” tlic NaOH number at the isoelectric point with “NaOH 

(isoelectric),” and the Br number at pH = n •v\-ith “BrJ', then the 
following cquaUon will hold; (NaOH)„ = NaOH (isoelectric) -fEr^. 
In Table I, I have selected at fandom four experiments in whidi the 
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NaOH number and the Br number for different values of pH are 
given. It is easy to show that the equation holds.' within the limits 
of accuracy of our experiments. Thus the NaOH n um ber for the iso- 
electric point is practically a constant in all experiments, namely be- 
tween 5.25 and 5.5; and this value represents the binding capacity of 
“pure” gelatin for NaOH; or in other words, the binding capacity of 
0.25 gm. of gelatin freed from ionogenic impurities is between 5.25 and 
5.5 cc. 0.01 N NaOH, with phenolphthalein as indicator. Thus 

TABLE I. 


Experiment I. No washings, but made up in H5O and dialyzed against H:0. 


pH 

3.1 

3.3 

3.6 

3.8 

4.1 

4.3 

4.5 

4.8 

5.1 

5.4 

5:7 

5.8 

6.0 

6.1 

Br number. 

13.35 

9.75 

7. 85 

5.35 


1.2 

0.35 

0.1 

0.1 

0.1 

0 

0 

0 

0 

NaOH " 

18.00 


13.50 

11.50 

IE 


7.00 

S.O 


2.5 

1.75 

1.5 

IE 

1.5 


Experiment II. One washing. 


pH 

3.3 


3.7 

4.0 

4.2 

4.3 

4.4 

4.7 

4.9 

5.1 

5.7 


m 

6.3 

Br number. 

8.3 

Q| 

5.8 

4.2 

2.75 

iIEh 

0.6 

0.1 

0 

0 

0 

0 


0 

NaOH “ 

12.5 


11.0 

10.0 


7.5 


5.5 

4.5 

3.0 

2.0 



1.5 


Experiment III. Four washings. 


pH....' 

3.8 

4.0 

4.1 

4.2 

4.3 

4.5 

4.8 


5.3 

5.6 

5.7 

5.8 

5.9 

Br number 

4.15 

3.45 

2.85 

2.4 

[ 1*5 


0 

0 

0 

0 

wm 

0 

0 

NaOH “ 

9.00 

8.50 


8,0 

7.0 

2B 

5.5 

4.0 

2.5 

2.25 

1.5 

1.5 

1 ,5 


Experiment RL Eight washings. 


pH 

wn 


4.2 

4.2 

4.4 

4.5 

4.5 

4.7 

4.9 

5.2 

5.4 

5.5 

5.6 

Br number 



2.15 

hk5 

Kata 

0.25 

raj 

0 

EB 

m 

m 

0 

m 

NaOH “ 



7.0 

6.5 

6.5 

6.00 

5.5 

5.Z5 

4.5 

3.25 

2.5 

2.5 

2.0 


in Experiment III, for pH = 4.1, (NaOH)n = S.O, NaOH (iso- 
electric) = 5.5, and Bin = 2.85. 5.5 2.85 = 8.35, w'hile (NaOH)n 

actually found is 8.0. Table 11 gives a comparison of the agree- 
ment in all the experiments. 

In Table II we call the sum of NaOH (isoelectric) -f- Brn the cal- 
culated and (NaOH)n the observed value for a given pH. The table 
shows that the calculated and obsert'ed values agree within the limits 
of the degree of accuracy of the experiments. 

We have now to make sure that the HBr measured in tliese titrations 
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bination with the gelatin and the small amount of free acid found was 
probably due to hydrolytic dissociation of gelatin bromide or to a 
trace of HBr not removed. This quantity of free acid is the cor- 
rection of the value for the bromine number referred to in an earlier 
part of this paper. When, however, the free HBr' is not washed off, 
as was the case in the experiment represented in Fig. 1, or when the 
free acid is only incomplete^ removed, the value (NaOH)n will repre- 
sent, of course, more or less free acid and in this case the discrepancy 
between (NaOH)a and the pH found ■null be correspondingly smaller 
(see Fig. 1). This, however, manifests itself by the fact that a 
further rise in the Br number is no longer accompanied by a corre- 
sponding rise or is accompanied by a drop in the curves for osmotic 
pressure, swelling, and -viscosity. 

We may, therefore, consider it as proved that tlie bromine numbers 
given in tliis paper represent practically the HBr held in chemical 
combination by the gelatin with the exception of the small amount 
to be deducted owing to the presence of free HBr which can be 
calculated from the pH. 

V. Theoretical Remarhs. 

Our experiments show that the influence of,h 3 ’^drobromic acid upon 
the physical properties of gelatin has a purely chemical or stoichio- 
metrical basis. Gelatin and probably all proteins and amphoteric 
colloids behave as if they were merety amphoteric electrotytes capable 
of adding a H or OH ion. 

'Wfliether a protein adds an acid or a base depends on the lij-^drogen 
ion concentration; when the hydrogen ion concentration exceeds a 
critical point (which for gelatin is Ca = 2.10“0> the gelatin null add 
acid ; when it is lower it will add base. This critical hydrogen ion con- 
centration is the isoelectric point, ttflien gelatin is at the isoelectric 
point, it is free from ionogenic impurities and this “pure” gelatin is 
practical^ insoluble and hence can have no osmotic pressure, and, 
moreover, all the .properties which depend upon its solubility are 
a minimum. When it is transformed into a salt by tlie addition of 
an acid (or a base) it becomes soluble, provided it is in combination 
with a monovalent ion, like Br or Na, etc. ttflien pure gelatin is 
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semi-permeable membranes — , ■which, -n-hen dealing ■svith real solutions, can only 
be used in e.^cceptional cases and under especial circumstances.”^^ 

SUMMARY. 

1. The method of remoidng the excess of hj-drobromic add after 
it has had a chance to react chemically with gelatin has permitted 
us to measure the amoimt of Br in combination with the gelatin. 
It is shown that the curves representing the amount of bromine bound 
by the gelatin are approximately parallel with the cun-es for the 
osmotic pressure, the viscosity, and swelling of the gelatin solution. 
This proves that the curves for osmotic pressure are an unequivocal 
function of the nuniber of gelatin bromide molecules formed under 
the influence of the acid. The cc. of 0.01 N Br in combination with 
0.25 gm. of gelatin we call the bromine number. 

2. The explanation of this influence of the acid on the physical prop- 
erties of gelatin is based on the fact that gelatin is an amphoteric 
electrolyte, which at its isoelectric point is but sparingl}" soluble in 
water, while its transformation into a salt vdth a univalent anion 
like gelatin Br makes it soluble. The cur^’^e for the bromine number 
thus becomes at the same time the munerical expression for the num- 
ber of gelatin molecules rendered soluble, and hence the curve for 
osmotic pressure must of necessity be parallel to the curs'-e for the 
bromine number, 

3. Volumetric anatysis shows that gelatin treated predously with 
HBr is free from Br at the isoelectric point as well as on the more 
alkaline side from the isoelectric point (pH > 4.7) of gelatin. This 
is in harmony ■with the fact that gelatin (like any other amphoteric 
electroljde) can dissodate on the alkaline side of its isoelectric point 
only as an anion. On the more acid side from the isoelectric point 
gelatin is found to be in combination with Br and the Br munber 
rises with the pH. 

4. Wflien we titrate gelatin, treated previously ■with HBr but pos- 
sessing a pH = 4.7, with NaOH we find that 25 cc. of a 1 per 
cent solution of isoelectric gelatin require about 5.25 to 5.5 cc. of 0.01 
N NaOH for neutralization (-with phenolphthalein as an indicator). 

** Sorensen, Cornpi. rend. trav. Lab. Carlsbcrg, 1917, xii, 5-6. 
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This value which was foimd invariably is therefore a constant which 
we designate as “NaOH (isoelectric).” WTien we titrate 0.25 gm. of 
gelatin pre%dously treated with HBr but possessing a pH <4 7 more 
than 5.5 cc. of 0.01 n NaOH are required for neutralization. We will 
designate this value of NaOH as “(NaOH)n,” where n represents the 
value of pH. If we designate the bromine number for the same pH 
as “Brn” then we can show that the following equation is general!}’- 
true; (NaOH)n = NaOH (isoelectric) + Brn. In other words, titration 
with NaOH of gelatin (pre\dously treated with HBr) and being on 
the acid side of its isoelectric point results in the neutralization of 
the pure gelatin (NaOH isoelectric) with NaOH and besides in the 
neutralization of the HBr in combination with the gelatin. This HBr 
is set free as soon as through the addition of the. NaOH the pH of 
the gelatin solution becomes equal to 4.7. 

5. A comparison between the pH values and the bromine numbers 
found shows that over 90 per cent of the bromine or HBr foimd was 
in our experiments in combination with the gelatin. 
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VISCOSITY OF. DOUGH 


the bath. The paddles are forced through the dough by the fall of 
ISO gm. through 2 meters. The rate, of the falling of the weight is 
recorded and measures the viscosity of the dough. 



Fig. 1. 


The turning of the dough inside the viscosimeter is prevented by 
iour equidistant pins. It has been found convenient to attach the 
jins to a plate rather than to the bottom of the %dscosimeter to facili- 
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TABLE I. 

■ Viscosily of Dough at Different Hydrogen Ion Concentrations. Time in Minutes of 
Fall of Weight in Torsion Viscosimeter. 
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TABLE I — Concluded. 


Estimated pH 
of dough. 

Mols of Ha 
^ per 1.000 gm. 
of flour. 

Experiment 725. 
1,000 gm, of Flour 
A. 600 cc. HiO. 

Experiment 664. 
1,000 gm. of Flour 
B. 590 cc. HsO. 

Experiment 728. 
1,000 gm. of Flour 
D, SSOcc.HjO. 

Experiment 747. 

1,000 gm. of 
Flour S40 cc, 
HiO. 

5.20 

0.012 

min. 

min. 

min. 

10.0 

11.0 

min. 

5.22 

0.011 



1 

11.9 

11.6 

5.25 

0.010 


13.7 

11.0 



5.50 

0.005 


12.7 

14.3 



5.80 

0 

20.0 

20.2 

18.1 

14.3 

15.5 

15.2 


NaOH 





6.50 

0.01 


19.4 

24 1 



7.27 

0.02 


31.0 

25.0 



7.62 

0.03 


40.2 




tate the cleaning of the apparatus. A small pin keeps the plate from 
turning. 

The flour is best gathered together with a stirring rod in the beaker 
into which the various solutions are run. The volume of water, in- 
cluding that containing dissolved electrolytes, added to the flour is 
recorded in cc. of H«0 per 1,000 gm. of flour. The quantity of elec- 
trolytes is recorded in mols per 1,000 gm. of flour. The small size 
of tlie doughs used in these e.vperiments made it necessaiy further to 
work tliem by hand. This was always done by tlie same experi- 
menter and for precisely 2 minutes. The solutions of electrol}* tes of 
different strength were added witli the water. 

No great accuracy is possible in carrjdng out such measurements, 
first, because a very exact control of the water content is almost im- 
possible vdthout undue expenditure of time, and secondly, because 
slight differences in the packing of tire xdscosimeter are not without 
serious influence. However, the data vdll show the degree of accuracy 
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of the observations and, as we believe, justify such use of them in 
dran-ing conclusions as is at present necessary. 


Effect of Hydrogen Ion Concentration upon the Viscosity of Dough. 

Our first series of experiments concerns the influence of hydrogen 
ion concentration upon the xdscosity of dough prepared from four 
different flours. Differences of reaction were produced by the addi- 
tion of solutions of hydrochloric acid and sodium hydroxide and esti- 
mated with the help of the concentration cell. The varied character 
of the four flours is indicated by the difference in the water content of 
their appronmately isoxdscous doughs. 

Tlic results clearly show that a single measurement of'xdscositj' 
possesses no great significance (Table I and Fig. 2). Nevertheless 
it is evident that with variation in hydrogen ion concentration xds- 
cosiU’ passes through a minimum a little on the acid side of pH 5. 
Jessen-Hansen' has found pH 5 to be the best hydrogen ion concen- 
tration in bread making and it is also, as we have obser\-ed, the 
most favorable reaction for the rising of dough. 

* Tcsscn-llanscn, H., Compl. rend. trav. Lab. Carhberg, 1911, v, no. 10. 
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Effect of Salts vponjhe Viscosity of Dough, 

The second series of experiments concerns the influence of certain 
salts upon the viscosity of dough (Tables II and III and Fig. 3) 


TABLE n. 

Viscosity of Dough in the Presence of Different Concentrations of Salts. 1,000 Gm. 
of Flour B; 590 Cc. of Water. Time in Minutes; Torsion Viscosimeter. 


Mols of salt. 

Erperimcnt 671. 
NaCl 

Erperimcnt 6S4. 
Na lactate.* 

Experiment 680. 
NasSOi 

Experiment 680. 
MgSOi 


mm. 

min . 

mm. 

min . 



12.4 



0 


11.3 



1 

1 

■ISI 




0.059 

10.8 

11.4 

9.2 

8.9 

10.7 

11.2 

8.6 

0.118 

11.0 



6.9 



1 

6.8 



7.6 



0.177 


8.4 




10.0 




0.194 

1 


6.6 





6.7 






4.3 

0.236 




3.7 

0.295 

13.4 


4.5 


' 13.3 


5.0 



1 

5.9 


3.0 

0.354 


7.0 


3.-5 


13.9 

mmam 


4.9 

0.590 

18.9 



4.4 


13.9 

■■ 




* The moisture of the flour slightly increased the water content and decreased 
the riscosity of the doughs in E.xperiment 684. This is shown by the viscosity 
of dough containing no Na lactate. A mixture of 49 parts of Na lactate and 1 
part of lactic acid approximate!}' isohydric Tiith flour was used. 

These experiments show that the addition of a' small amount of 
salt to dough tends to diminish viscosity. As the concentration of 
the salt increases, however, there is commonly, and probably with 
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sufBciently Iiigh concentration always, a later rise in viscosity. 
Among the salts which we have studied , the sulfates of sodium and 
magnesium have the most marked effect. In these cases it is sufficient 
to handle the dough in order to note a certain “slackness” or dimin- 
ished firmness. 

Effect of Sails upon the Viscosity of Dough at Different Hydrogen Ion 

Concentrations. 

The third series of experiments concerns the simultaneous influence 
of acid or alkali and salt upon the mscosity of dough. The effect of 
different concentrations of a salt at trv’o h3ffirogen ion concentrations 
is illustrated in Table W and Fig. 4; the effect of the same cod- 


table IV. 

Viscosity of Dough in the Presence of Different Concentrations of NaCl at Different 
Hydrogen Ion Concentrations. (fTimc in Minutes.) 


Ejperimeot 

No. 

Estimated pH 
ofdougb. 

MoJsofHCl 
per 1,000 gm. 
'of flour. 

1,000 gm. of Flour Br SPOcc.HsO. 

• Mols of NaCl. 

0 


B 

0.118 

0.147 

B 

0.246 


0.492 

0.590 




iBin. 

mitt. 

min. 

min. 

min. 

«:;n. 

mm. 

min. 

mfo. 

min. 




13.7 





13.9 




13.9 

671 

" 5.8 

0.0 

13.4 


10.8 

11.0 


11.0 


13.4 


18.9 




15.7 


11.4 

9.7 


m 


13.3 


13.9 





11 7 



8.7 

■ 

9.1 


8.7 


673 

4.8 

0.02 

13.3 

iSB 




■ 

9.4 


9.5 



centration of a salt at different hydrogen ion concentrations is 
shown in Table V and Fig. 5. 

These e.xperiments show that the influence of salts upon viscosity 
is variable with the hydrogen ion concentration. Particularly im- 
portant is the fact that at a more acid range of reaction sodium 
chlonde greatly depresses viscosity while calcium chloride has its 
effect in a less acid range. The great effect of the sulfates, however, 
may be recognized over a wide range of reaction. 

For the present we shall postpone a discussion of the theoretical 
bearings of these experiments, which are often obscure, and ma}"^ best 
be taken into account in coimection with obser\''ations upon tlie 
properties of gluten soon to be published from this laboratory. 
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The importance of these results m bread making depends upon their 
elation to a variety of other facts. First, it has long been known 
hat bread possesses a distinctl}' acid reaction. This is due to the 
act that beginning with an add dough of hydrogen ion concentra- 
:ion 10-^ N or more, the process of fermentation produces an aug- 
nentation of acidit}*. The observations of Jessen-Hansen in the 
Carlsberg Laboratorj' confirm this fact by quantitative measurements 



Fig. 4. 

and lead their author to the conclusion that about N hydrogen 
ion concentration is the most favorable for bread making. Obser- 
vations of our own (e.xcept with a very weak flour) agree with those of 
Jessen-Hansen. We have also made numerous measurements of the 
hydrogen ion concentration of bread procured in the market, which 
arc entirely consistent with this dew. 

Second, our- studies reported in another paper of the rising 
of dough and the carbonic add production during fermentation 
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TABLE V. 

Viscosity of Dough in the Presence of Salts at Difcrent Hydrogen Ion Concentrations. 
Time in Minutes; Torsion Viscosimeter. 
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indicate that the best results are obtained near the point of minimum 
viscosity. 

FinaUy, the favorable results in the baking industry obtained by 
the use of calcium salts in the absence of add and of add in the ab- 
sence of caldum salts also indicate that it is advantageous to employ 
dough at a relatively low \ascosity, or, speaking more correctly, to 



Fig. 5. 

reduce whatever quantity of gluten may be present to a condition in 
which its dscosity is low. 

.\s far as our investigations of this and related questions have pro- 
ceeded, thej indicate that in bread making the action of adds, bases, 
and salts, perhaps with the e.vception of potassium bromate, is favor- 
able chiefly through the effect upon ^'isco3ity. Any influence upon the 
acUvity of yeast appears to be a matter of secondary- importance. 




COMPARATI\rE STUDIES ON RESPIRATION. 

YL. INCREASED Productioi? oe Carbon Dioxide Accompanied 
BY Decrease oe Acidity. 

By MARIAN IRISTN. 

{From the Laboratory of Plant Physiology, Harvard University, Cambridge.) 
(Received for publication, January' 9, 1919.) 

In a pre\Ious paper^ I have shown that high concentrations of ether 
greatly increase the production of CO2 by animals and that this is 
associated with irreversible changes ending in death. It might be 
thought that this increase could be explained on the ground that the 
process of death is often accompanied by the production of lactic 
acid, and this might displace CO- from carbonates and bicarbonates 
present in the tissues. The resulting evolution of CO» might be mis- 
taken for increased respiration. 

In order to obtain some light on this question it seemed desirable to 
ex'periment upon an organism in which death is not accompanied by 
an increase in acidity. Suitable material for such experiments is 
furnished by the petals of many flowers containing natural indicators, 
whose colors show that during the process of death the cell contents 
become less acid.= 

Two species of Salvia were used in these experiments, Salvia invo- 
lucrala and Salvia splciidcns. The natural indicators contained in the 
petals were calibrated by placing the petals in boiling water and then 
transferring them to buffer solutions of known pH value. They re- 
mained in tlic buffer solutions until complete penetration had taken 
place (tliis required only a few minutes). As the color of the indica- 
tor in various buffer solutions was known, it was a simple matter to de- 
termine the clianges in acidit}-^ which take place in flowers inunersed 

' Irivin, M., J. Gen. Physiol, 191S-19, i, 209. 

• Haas, .\. R., J. Biot. Chem., 1916, xxvii, 233. 

» The petals contain some cells which lack the indicator; their aridity was 
consequently not determined. 
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in a 7.3 per cent (by volume) solution of ether. ■ These changes are 
shown in Table I. 

The CO 2 output of Salvia invohicfata was measured by the methods 
used in the previous investigation. The petals^ were immersed in tap 
water and the normal respiration was determined. The petals were 
then immersed in a solution of 7.3 per cent ether (by volume) and new 
determinations were made. The results are shown in Fig. 1. 

Objection might be made to submerging the petals in liquid on the 
ground that this condition is abnormal and that gas might be given 
off more rapidly through the stomata when ether is present (as the 
result of changes in surface tension). For this reason it seemed de- 


TABLE I. 

Changes in the pH Value of Salvia Petals during the Process of Death Caused by 
Immersion hi Solution of 7 S' Per Cent Ether (by Volume), 


Length of exposure to ether. 

pH value. 

Solna inv^ucrato^ 

Salvia spJvnSens^ 

rjin. 



0 

4.5 

3 

3 

5.0 


5 

6.0 


6.5 


5 

7 

7 to 8 


10 


7 to 8 


sirable to repeat the experiments by the method described by Oster- 
hout.® As flowers of Salvia involucrafa were no longer .available 
Salvia splendens was used. The corollas were placed in a glass tube, 
the normal respiration was measured, and sufficient ether was then 
introduced into the apparatus to saturate the air with ether vapor 
at 20°C.® The rate of respiration was then determined at frequent in- 
ter\^als. In respect to the per cent of increase produced by ether the 
results agreed closel)’- mth those shorni in Fig. 1. 

* In all the e.xperinients the entire corolla was used, care being taken to detach 
it nith as little injur>' as possible. 

5 Osterhout, W. J. V., J. Gen. Physiol., 1918-19, i, 17. 

® The petals were at no time in contact with liquid. 
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Experiments were made to determine whether exposure to ether 
causes an increase in the consumption of ox>'gen. For this pu^ose 
the apparatus shown in Fig. 2 was employed. The petals were placed 
in a glass tube A, which was connected at one end (by tubes of glass 



Fio. 1. Curves shoeing the respiration of Salna petals first in tap water (hori- 
zontal line) and then in 7.3 per cent ether. Time is reckoned from the beginning 
of exposure to ether. The respiration of a control in tap water is shown by the 
broken line. The normal rate (which is taken as 100 per cent) corresponds to a 
change in pH value from 8.0 to 7.7 in 193 seconds. Temperature, 20° =*= 1°C. 
Probable error less than 1.7 per cent of the mean. Curve A, average of six ex- 
periments; Curve B, average of four experiments. 



Fig. 2. Apparatus for the determination of ox>-gen consumption. Petals were 
pl.ac(Hl in A; by alternate compression of the bulbs C and E the air in the appara- 
tus was made to circulate. At the close of each experiment the tube D was 
removed and its contents were analyzed for oxj'gen. 
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and rubber) ^ to a bottle B , and a safety bottle B'. B contained strong 
H;S 04 and was connected to the rubber syringe bulb C. A was con- 
nected at the other end to tlie rubber syringe bulb E and to the long 
narrow glass tube D. Wriien the bulbs C and E® were compressed, the 
air passed through A, B', and B into C, and thence through D and E 
back to A. 

Petals w'ere placed in A and by alternately compressing the ^ulbs 
C and E a constant circulation of air was maintained for 10 minutes, 
after which tlie tube D was clamped off at both ends and the con- 
tained gas was analyzed for ox^'gen.® After making determinations 
of the normal oxj^gen consumption in this manner the petals were re- 
moved and exposed for 3 minutes to air saturated vuth ether vapor 
at 18° ± 1°C. They were then placed in A and a new determination 
was made. The H 0 SO 4 removed the ether so that it could not inter- 
fere with the subsequent analysis. 

Since the concentration of ether*® was less than in the e.xperiments 
pre^^ously described, the oxygen consumption could not be e.xpected 
to equal tlie production of CO 2 in these experiments. Nevertheless 
the average of four experiments showed that ether increased the con- 
sumption of oxygen to 2.3 times tlie normal. The CO 3 production 
during the same time (in a saturated solution of ether), as measured 
by the methods previously discussed, amounted to three times the 
normal. 

It is therefore eiddent that in this instance a high concentration 
of ether causes an increase in the consumption of oxygen as well as 
in the production of CO 2 and that tliis is accompanied by a decrease 
in the acidity of the cells. It is therefore possible tliat in otlier cases 
where tlie acidity of the cell cannot be directlj" measured, tlie evolu- 
tion of CO 2 obsen'ed under tlie influence of ether is not wholly due to 
tlie displacement of CO 2 from carbonates and bicarbonates stored in 
the tissues. 

^ All connections were made with as little rubber tubing as possible, and care 
was taken to make aU joints air-tight. 

® These are provided with valves. 

® The method employed was that described by Osterhout, tV. J. V., Am. J . 
Bol., 1918, V, 105. 

*® The concentration of ether constantly diminished during the 10 minutes. 
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SUMMARY. 

Ji petals of Salvia high concentrations of ether cause an increase 
oxygen consumption and in the production of CO2, while at the 
ne time a decrease occurs in the acidity of the cell contents. 




DECREASE OF PERMEABILITY AND ANTAGONISTIC 
EFFECTS CAUSED BY BILE SALTS. 

By W. J. V. OSTERHOOT. 

{From the Laboratory of Plant Physiology, Harvard University, Cambridge^ 

(Received for publication, December 31, 1918.) 

Agents wliich. increase permeability have long been known but the 
discovery of substances which have the opposite effect is compara- 
tively recent.!^ The number of such substances known at present 
(especially organic substances) is very small and it is therefore of 
interest to find that bile salts possess this property. 

The discovery that some substances decrease permeability while 
others increase it led the writer to the idea that substances of one class 
may antagonize those of the other.- It was of interest to test this 
idea by ascertaining whether sodium taurocholate can antagonize 
NaCl (which produces only an increase of permeability). Some ex- 
periments on this subject are described in the present paper. 

The experiments were made by determining the electrical conduc- 
tivity of Laminaria^ in solutions to which sodium taurocholate was 
added. 

In the first experiments the bile salt was dissolved in sea water. 
The amounts added to 1,000 cc. of sea water varied from 0.8 to 1.5 
gm. If the sodium taurocholate were pure, 1 gm. in 1,000 cc. would 
make the concentration about 0.002 M, but as its purity is doubtful 
the concentration cannot be accurately determined.^ 

After dissoh-ing the sodium taurocholate the sea water was restored 
to the normal conductmty and made approximately neutral to litmus. 

‘ Cf. Ostcrbout, W. J. V., Bol. Gaz., 1915, Ik, 317, 364. 

= Ostcrhout, IV. J. Y., Scicr.cc, 1915, xli, 255. 

' For the method see Ostcrhout, W. J. V., /. Biol. Chem., 1918, sen,!, 557. 

* The salt used tos the purest obtainable. 
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At all the concentrations employed there was an immediate increase 
in resistance® followed by a fall, as illustrated in Fig. 1. Under the 
conditions of the experiment (temperature 19° ± 2°C.) the rise lasted 
about an hour. The effect is comparable with that of anesthetics® 
(ether, chloroform, and alcohol) as described by tlie writer. An in- 



Fig. 1. Curve showing decrease of permeability (rise in net electrical resistance 
expressed as per cent of the control in sea water) of Laminaria, produced byadd- 
ing 1 gm. of sodium taurocholate to 1,000 cc. of sea water (solid line). Control 
in sea' water, dotted line. The resistance is expressed as per cent of the normal 
resistance in sea water, which is takai as 100 per cent. Average of two experi- 
ments; probable error less than 2.3 per cent. 

crease in resistance was also obsert'ed with Ulva rigida and with Rho- 
dymenia palviala. 

In the experiments on antagonism the tissue was placed in a solu- 
tion of NaCl 0.52 m to which various amounts of sodium taurocholate 

® For convenience all the resistances are expressed as per cent of the normal 
resistance in sea water which is taken as 100 per cent. 

® Cf. Osterhout, W. J. V., Bal. Gas., 1916, hd, 148. 
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were added (all the solutions ha\dng the same conductimty as the 
sea r^•ater and being approximately neutral to litmus). The temper- 
ature was 18.5° ± 2.5°C. _ , j- n r 

The results are shown in Fig. 2. There is a gradual fall of resist- 
ance in ah the solutions which continues until the death point (10 per 



Fig. 2. Cun’cs showing antagoaistn between NaCl and sodium tamocholate. 
The ordinates represent the net electrical resistance of Laminaria (expressed as 
per cent of the control in sea water which is taken as 100 per cent). The ab- 
scissx represent the amount of sodium taurocholate added to 1,000 cc. of NaCl 
0.52 M. Average of two experiments; probable error less than 5 per cent. 

cent) is readied. In the solution containing 1,000 cc. of NaCl 0.52 
M 4- 0.5 gm. of sodium taurocholate the fall of resistance is much 
slower, indicating tliat this is the most favorable mixture. 

It should he emphasized that the effect is not an intennediate but 
an antagonistic one. By this is meant that the resistance is not 
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merely the algebraic mean between a rise in resistance produced by 
the bile salt and a fall produced by NaCl. A consideration of the 
lowest curve shows that at 180 minutes the tissue is dead in NaCl 
0.52 M as well'as in 1,000 cc. of NaCl 0.52 ii + 10 gm. of sodium tauro- 
cholate, but in the mixture containing only 0.5 gm. of taurocholate 
it is not yet half dead, its resistance being much higher than in the 
other mixtures.^ 

The result serves as a striking confirmation of the idea that antago- 
nistic relations can be predicted, to a considerable extent at least, by 
ascertaining the effect upon permeability of each substance taken 
by itself, inasmuch as substances which decrease permeability antag- 
onize those which increase it. 


SmiMAEY. 

Sodium taurocholate is able to produce a decrease in permeability 
and to antagonize NaCl. This confirms the hypothesis that an- 
tagonistic relations can be predicted from studies on the permeability 
of pure substances. 

^ At the end of 180 minutes the resistance of the control in sea water was 100 
per cent. 
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PEKMEABILITY IN PLANT AND ANIMAL CELLS 


them being partially filled Mdth vaseline.'* The disks thus prepared 
were used in the same way as the disks of Laminaria. The condi- 
tions were therefore strictly comparable. In order to make this 
doubly sure, pieces of Laminaria of the same size as the pieces of frog 
skin were fastened between disks of hard rubber in the same manner 
and used for comparison. The resistance of a pair of disks containing 
frog skin was in the neighborhood of three times that of a pair of disks 
containing Laminaria. Usually five pairs of disks vnth frog skin 
were placed together to form a C 3 dinder whose resistance was 
measured.® 

The measurement of the resistance of the frog skin was less accu- 
rate than that of Laminaria. The point of minimum sound in the 
telephone was more indefinite (especially -with live tissue). The re- 
sistance of the control was not constant as in the case of Laminaria. 
The controls of frog skin were placed in sea water -f four volumes of 
distilled water, which was taken as approximate^ isotonic (for con- 
venience this vdll be called 0.2 sea water). In this solution the re- 
sistance sometimes remained constant for some time, but more often 
it rose somewhat and finally became constant for a time or else began 
slowly to fall.® Increasing or diminishing tlie proportion of distilled 
water did not help. Soaking tlie frog in the solution for an. hour 
before removing the skin made no decided difference. In spite of 
these difficulties it was possible to select from several lots of material 
some whose resistance did not change much in 0.2 sea water, and thus 
to obtain consistent results. It was found desirable to e.xpress all the 
net resistances as per cent of the controls.^ 

* Cf. Osterhout, W. J. V., /. Biol. Chem., 1918, xx-xvi, 557. The method sho^Ti 
in Fig. 7 was usually employed. The apparatus described as tj'pe B was also 
used and gave similar results. 

® Five pairs of disks containing Laminaria had about the same resistance as a 
cylinder of Laminaria tissue consisting of 80 pieces with only one rubber disk at 
each end. 

® Regarding changes in the conductmty of frog skin, under various conditions, 
see Hober, R., Ph 3 'sikahsche Chemie der Zelle rmd der Gewebe, Leipsic, 4th edi- 
tion, 1915, 441. 

^ For e.’camplc, a piece of frog skin was placed in NaCl and after a given tithe tlie 
resistance was measured; this was di\dded by the resistance of a control in 0.2 
sea water measured at the same time (botli lots having been placed in the solution 
at the same moment). In 0.2 sea water the skin rem-iined alive for several hours. 
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One of the most striking results obser\'ed in studjdng the electrical 
resistance of Laminaria is the fact that some substances (as CaCIj) 
decrease permeability ■while others (as NaCl) increase it. . It is of 
interest to see "whether animal tissue behaves in the same manner. 

\\Tien Laminaria is placed in a solution of CaCl; (of the same con- 
ducti-vity as the sea water) the resistance® rapidly rises, often as much 
as 65 per cent; in LaNOj it rises even higher (90 per cent or more),’ 
while in MgCh the rise is less (up to 10 per cent). The rise is suc- 
ceeded by a fall, which continues until death. The resistance has then 
dropped to about 10 per cent of the normal resistance.'® 

■\tTien frog ‘;kin is placed in CaCU of the same conductivuty as 0.2 
sea water (about 0.056 ii CaCU), the resistance rises rapidly, just as 
in the case of Laminaria, though not as high (up to 40 per cent). It 
then begins to fall, and continues to do so imtil the death point is 
reached” at about 10 per cent of the normal resistance. In LaNOs 
the rise is greater (up to 90 per cent), and in MgClj it is less (up to 10 
per cent). It be seen that the beha%'ior of frog skin toward these 
agents closely resembles that of Laminaria. 

Acid (HCl) causes a rapid rise of resistance in Laminaria,'^ followed 
by a rapid fall. This is also the case with frog skin placed in a solu- 
tion of HCl of the same conductmty as 0.2 sea water (about 0.024 ir 
HCl) or in this solution diluted with 0.2 sea water. The use of 
HCl is attended by some complications which ■will be discussed in a 
later paper. 

There is another group of substances, such as NaCl and KCl, which 
produce no rise in the resistance of Laminaria. On transferring tissue 
from sea water to solutions of these substances (of the same conduc- 
tmty as sea water) there is a fall of resistance which continues imtil 
die death point is reached. The same is true of frog (using 0.2 
sea water) c.xcept that the fall of resistance is much slower than in the 
case of Laminaria. It is, however, completely paralleled by the slow 
fall of resistance found in some other plant tissues, such as those of 
llic dulse {Riwdymenia palmala).^ 


® Osterhout, \V. J. V., Bol. Gaz., 1915, Ux, 317. 

’ Osterhout, \V. J. V., Bo!. Gaz., 1915, ILx, 464. 

1 he resistance of the .apparatus is subtracted in all cases. 
1 he death point is not so well defined as nath Laminaria. 
” Ci. Osterhout, \V. J. V., J. Biol. Chon;., 1914, xlx, 493. 
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PERMEABILITY IN PLANT AND ANIMAL CELLS 


•In mixtures of NaCl and CaClo in suitable proportions'® Laminaria 
remains alive longer than in pure NaCl or in pure CaClj. This is also 
true of frog skin, although the result is not as marked as in the case 
of Laminaria; this is perhaps due to the fact that NaCl is less toxic to 
frog skin. 

Of special interest is the behaxnor of anesthetics. In the case of 
Laminaria they produce two effects, a reversible (anesthetic) action 
consisting in a decrease of permeability and an irreversible (toxic) 
action consisting in an mcrease of peimeabilitj'.''* On placing tissue 
in sea water containing suitable amounts of ether (1 percent), chloro- 
form (0.1 per cent), or chloral hydrate (0.1 per cent), the resistance 
rises and this condition is maintained for some time. With increas- 
ing concentration a point is soon reached at which the resistance rises 
rapidly to a maximum and then falls rather rapidly. When it has 
fallen below the normal there is little or no recovery on replacing'it.in 
sea water. With alcohol such recovery is possible. 

The same is true of frog skin (using 0.2 sea water) but the effect is 
even more striking, the rise of resistance being greater and occurring 
at lower concentrations. In respect to recovery w'e find the same 
difference between ether, chloroform, and chloral hydrate on the 
one hand and alcohol on the other. 

The method of measuring electrical resistance enables us to study 
the dynamics of the death process. It has been shown that when 
Laminaria dies in a solution of NaCl the process follows more or less 
closely the curv'^e of a monomolecular reaction.'® The same is true 
of frog skin. In both cases we are led to the assiunption that the 
process of death is one which is always going on during the normal 
life of the cell and that it is accelerated by the toxic agent. It is also 
found, in both Laminaria and frog skin, that if the death process has 
not proceeded too far a complete or partial recover}’- is possible when 
the tissues are removed from the toxic solution and returned to sea 
water (or 0.2 sea water) . 

In both cases it appears that permeabilitj’ is a delicate and accurate 
index of the vitality'® of the protoplasm and that agents which pro- 

'® Osterhout, W. J. V., Proc. Am. Phil. Soc., 1916, Iv, 533. 

Osterhout, W. J. V., Bol. Gaz., 1916, ki, 148. 

'® Osterhout, W. J. V., J. Biol. Clicm., 1917, xxxi, 585. 

'« Osterhout, W. J. V., Science, 1914, xl, 488. 
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duce injury increase permeability. The amount of increase may be 
regarded as a measure of the amount of injury, A quantitative 
basis is therebj”- furnished for such conceptions as death, injury, rfi- 
covery, and vitality. 

The striking agreement between the behavior of frog skin and that 
of Laminaria, aswell as of other plants premously studied,^ strongty 
confirms the idea that the ideas which have been developed from 
the study of Laininaria are of general application. These ideas have 
been tested by the use of diverse methods.^' 

The general outcome of these studies reveals a marked amoimt of 
agreement, and it would seem that the physiological characteristics 
which they bring to light belong to the fundamental properties of 
protoplasm. 

SUimARY. 

Quantitative studies show a striking agreement between frog skin 
and plant tissues in respect to certain important aspects of permea- • 
bility, antagonism, injury, recovery, and death. 

” Osterhout, W. J. V.. Sciaicc. 1917. xlv, 97; J. Biol Chem., 1918, xxsvi, 485. 




THE RELATION BETWrEEN THE OXYGEN CONCENTRA- 
TION AND RATE OF REDUCTION OF METHYLENE 
BLUE BY LIILK. 


By E. NETSTON HAR\^Y. 

(From the Physiological Laboratory, Princeton University, Princelon.) 

(Received for pfiblication, December 27, 1918.) 

After tLe discovery of the reducing power of milk' and the proof 
that its reducing action on methylene blue (decolorization) is not due 
to bacteria but to a reducing enzyme," Bach,® in a series of researcbes, 
mdertook the study of reducing enzymes in various tissues. Schar- 
dinger' had originally found that fresh cow’s milk will reduce methylene 
blue in the presence of an aldehyde but not in its absence and not if 
the milk had pre\’iously been boiled. In one paper Bach^ showed 
that nitrates could also be reduced to nitrites by Schardinger’s enzyme 
of milk and he studied the effect (on reduction) of nitrate, aldehyde, 
and enzjme concentration, as well as the influence of temperature. 
As the nitrate is still further reduced, the quantitative results ob- 
tained by determining the amount of nitrate formed at successive in- 
ter\'als of time after mixing varying quantities of nitrate, or aldehyde, 
or milk, are not of much value. They do show, however, that rate of 
nitrite formation increases with, but is not proportional to nitrate 
concentration or aldehyde concentration. Bach formd also that ni- 
trite formation is proportional to enzyme concentration, at least in the 
early stages of the reduction. He did not study the effect of oxj'gen 
concentration in milk on the reduction of nitrate. 

* Schnrdinger, F., Z. Untcrsuch. Xakrttngs-u. Gcnussmittcl, 1902, v, 1113; Chem. 
Zing., 1904, xrviii, 704. 

= Trommsdoril, R., Ccr.tralbl. Bacterial., Itc Abt., Orig., 1909, xlk, 291. 

= Bach, Biochem. Z., 1911, xxxi, 443; 1911, xxxiii, 282; 191^ 154; 

1913, Ui, 412. ’ 

' Bach, A., Biochetn. Z., 1911, Hcdii, 282. 
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REDUCTION OR METHYLENE BLUE 


ing the oxj^gen content in gaseous mixtures b}' use of the indicator 
methylene blue. The procedure differs somewhat from the indicator 
method recently described by Osterhout,' where organisms are placed 
in a hemocyanin solution (blue) and the time necessarj’- for them to 
use up practically all of the oxygen is indicated by reduction to the 
colorless condition of the henjocyanin. 

In using the milk-methylene blue method it is only necessarj'^ to 
shake a milk-acetaldehyde-methylene blue mixture with the gas to be 
analyzed and determine how long it takes for the blue color to disap- 
pear. The end-point can be quite accurately determined bj^ com- 
parison with a similar tube of milk containing no methylene blue. A 
control determination of the time necessarj'^ for decolorization of 
milk-acetaldehyde-methylene blue mixture shaken with air must be 
made under the same conditions. As air contains 21 per cent oxj^gen, 
if it takes 60 minutes to decolorize unth air and 40 minutes to decolor- 
ize with the unknown gas, the latter must contain |g or f of 21 = 14 
per cent of oxygen. Carbon dioxide in the gas up to 5 per cent does 
not affect the reducing action of milk. 

The rate of decolorization of methylene blue by milk can be in- 
creased by raising the temperature or increasing the concentration of 
the reducing enzyme. This is easily done by evaporating the milk 
in vacuo to ^ to | its volume. The rate is roughly proportional to the 
concentration of the milk. Increase in temperature has the same 
marked accelerating action as on aU chemical reactions, and it is 
important to maintain the temperature constant in all comparative 
work. 

The reducing enzjnne is unstable and cannot be preserved for 
any length of time by adding toluene, chloroform, or tfajunol to the 
milk. The addition of 2 per cent NaF to milk will prevent the growth 
of bacteria without affecting its reducing powers during a period of 
2 months. Some samples of canned evaporated milk which I e.xamined 
did not exhibit a reducing action. Since colloidal platinum and formic 
acid reduce methylene blue rapidly, imitating the milk-aldehyde 
reducing action,® it is likely that a protected platinum solution 


7 Osterhout, W. J. V., J. Gen. Physiol., 1918-19, i, 167. 

® Brcdig, G., and Sommer, F., Z. physik. Chcin., 1910, kx, 34. 
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miglit take the place of milk as a more stable medium for oxygen 
determinations. 


SUimAEY. 

The rate of reduction of meth3dene blue by milk and acetaldehj^de 
is proportional to the concentration of oxygen in the milk. This 
fact may be made the basis of a method of determining oxygen in 
gaseous mixtures. 




INFLUENCE OF TEMPERATURE AND HYDROGEN ION 
CONCENTRATION UPON THE SPORE CYCLE OF 
BACILLUS SUBTILIS. 

By ARAO ITANO axd JAAIES NEILL 

{From the Department of Microbiology, Experiment Station, Massachusetts 
Agricultural College, Amhcrsti) 

(Received for publication, December 31, 1918.) 

The investigation here reported deals rvith the influence of hydrogen 
ion concentration at different temperatures upon the spore cj’^cle of 
Baciihis siibtilis} T his microorganism rvas chosen because it is a 
classical spore-bearing species, Tvhich had been used in our preYuous 
investigations on the relation of the hydrogen ion concentration of 
the medium to proteolytic activity. 

TABLE I. 


Limiting Reactiotis* 


Organism, 

pH 

Aatiior. 


5.0 

Alichaelis and Marcora.t 
Clark, 1915.t 

Ayers, 1916.§ 

“ 1916.§ 

Itano, 1916.1] 

“ 1916.1! 

" 1916.(! 

“ “ Ooir Pas ratio crouD) 


Streptococcus, Group I ' 

4. 6-4. 8 

‘ ‘ n 


S, trvsibelalts 

4 8 

B.subHlts (acid limit) 

4.2 

“ “ (alkali limit) 

9.4 



* Chrk, W. M., and Lubs, H. A., J. Bactcriol, 1917, ii, 1, 222. 
t Michaclis, L., and Slarcora, F., Immunitatsforsch., Orig., 1912, xiv 170. 
f Clark, \\ . M., J. Biol. Chcm., 1915, xxii, 87. 

5 Ayers, S. H., J. Bactcriol., 1916, i, 84. 

! Itano, .A., Massachusetts Agric. Exp. Sta., Bull. 167, 1916, 139. 


‘ The same strain of this species was used as in the pretious investigations on 
proteolytic activity, the strain was obtained from the American Museum of Nat- 
ural Histoiy-. 
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SPORE CYCLE OF BACILLUS SUBTILIS 


We have found no references in the literature to tlie particular prob- 
lem involved, but it may be interesting to present in tabular form the 
limiting reactions of the medium for some bacteria. 

Table I indicates that these organisms survive in a pertain limited 
range of hydrogen ion concentrations, and that slight changes in the 
concentration of the hydrogen ion influence tlie organism to a great 
extent. 


Method of Procedure. 

Preparation of Media. — ^The media used in this investigation had 
the same composition and were prepared in the same way as those de- 
scribed in a previous article.^ The pH was determined electrometri- 
cally and was found to be as shown in Table H. 


TABLE n. 

Preparation of Media of Different pE Values. 



I 

2 

3 

4 

5 ' 

! 

6 

1 

1 

1 ^ 

9 

10 

11 

12 

13 

pH found 

1.2 







8.2 

9.2 

10.1 

11.0 

11.5 

12.7 


Throughout the following accoimt, we have used the approximate 
figures in referring to the various pH values; i.e., desired pH is used 
to denote the hydrogen ion concentration of the broth. 

Method Used in Obtaining Free Spores. — The spores of the organ- 
ism were obtained as foUoivs; A portion of a yoimg agar culture of 
Bacillus suhtilis was emulsified in sterile 0.85 per cent salt solution. 
The emulsion was then transferred to a Roux flask containing stand- 
ard agar, and the organisms were distributed over the surface of the 
medimn. The flask was incubated at 30°C. for 15 days and was then 
kept at 25°C. for 3 weeks. At the time of the experiment the culture 
contained practically nothing but free spores. 

Preparation of Moist Chambers. — Two moist chambers were made 
for each pH value for each temperature. The chambers were pre- 
pared in the usual way, using parafiin of high melting point to seal 
the ring to the slide. By means of a platinum loop 2 mm. in diameter, 

- Itano, A., Massachusetts Agric. Exp. Sta., Bull. 167, 1916, 164. 
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a drop of mediuin of each pH value was put upon a sterile cover-slip 
which was then carefully sealed upon the ring of the moist chamber. 
The moist chamber preparations were then kept for 12 hours at the 
temperature to be used in the subsequent incubation. 

Preparation of Dihiie Emulsion of Spores. — Two drops of the medium 
of each pH value were put in the cells of sterile concave slides in sterile 
Petri dishes. With a straight needle a small inoculum of spores was 
put into the first drop of broth of each pH value. From this drop the 
second drop of the same pH value was then inoculated by use of the 
straight needle. The second drop was used as the source of the final 
inoculum. 

Procedure in this maimer with the medium of each pH value gave a 
very' dilute emulsion of free spores in broth of each pH value. By this 
procedure we obtained for the inoculation of the hanging drops a 
satisfactory source for a small mnnber of spores, weU washed of all 
metabolic products; moreover, any of the medium carried over with 
the final inoculum was of the same pH value and of the same composi- 
tion as the drop inoculated. 

Inoculation of Drops. — ^The hanging drops of the moist chamber 
preparations were then inoculated; those of each pH value were in- 
oculated from the dilute emulsion of spores in broth of the same pH 
value. By using a straight needle for transferring and by stirring the 
inoculated drop, a drop was obtained containing a satisfactory num- 
ber of spores well distributed throughout the drop. 

Examination of Preparations and Conditions of Observation. — ^Im- 
mediately after inoculation the preparations were placed rmder a mi- 
croscope and e.xamined for absence of vegetative forms and for even 
distribution of the spores. After examination the preparations were 
placed at the temperature of incubation. Observations were made at 
inteix'als of 30 minutes for the first 5 hours and then at intervals of 
1 hour. 

RESULTS. 

• 

Scries I (5°C.).— This series (pH 1 to 13) was incubated at 5°C. 
for 20 days.’ No apparent change took place except a slight swelling 
of the spores in all hydrogen ion concentrations. This temperature 

’ The cold storage room of the Dairj- Department of this institution was used. 
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seems to be near the limiting temperature for spore germination of 
Bacillus subtilis. Schreiber* reports the germination of spores of this 
organism at 8°C. after 7 daj'S, but states that the spore cycle is not 
completed at this temperature. 

Series II (25°C .). — ^This series was kept at room temperature, which 
varied during the time of the experiment from 23.5-25°C. The 
observations and results are given in Table HI. 

TABLE in.- 


Time in Hours Required ly B. subtilis to Reach Various Stages of Dcrelopmcitt at 
Different pH Values. (Temperature Approximately 25°C.) 


pH 

Spore. 

Vegetative cell." 

Spore. 

SrrolleD. 

Germination 

begins. 

Single. 

Chains. 

Granule. 

Refractive 

body. 

Endospore. 

Free spore. 


hrs. 

hrs. 

krs. 

hrs. 

hrs. 

hrs. 

hrs. 

hrs. 

1 

S 








2 

<( 








3 

« 1 

1 







4 

« ' 

1 







5 

2.5 

7.5 

■ESI 

12.0 

25.0 

mSm 

32.0 

50.0 

6 

2.5 

6.0 

HI 

9.0 

22.0 

HI 

31.0 

46.0 

7 

2.0 

4.0 

HI 

6.0 

20.0 

HI 

29.0 

39.0 

8 

2.0 

3.0 

4.0 

S.O 

16.0 

41.0 

51.0 

65.0 

9 

3.0 

7.0 

10.0 

13.0 

20.0 

44.0 

52.0 

66.0 

10 

3.5 

S.O 

11.0 

15.0 

22.0 

25.0 

31.0 

59.0* 

11 

S 








12 









13 

(C 









Figures represent average of four experiments. 

S indicates no apparent change except slight swelling and a certain loss of 
refrangibility. 

* Few spores germinated; chains arc short; not all cells formed spores. 

The results in Table HI show that at 25°C. the spores of Bacillus 
subtilis germinated in broth at pH values from 5 to 10, while higher 
and lower concentrations of hydrogen ions inhibited their develop- 
ment. At pH 7 and pH 8, which are nearest the optimum hydrogen ion 
concentration for this organism, germination took place in the shortest 
time and multiplication was most rapid. 

■* Schreiber, 0., Ccntralbl. Bailcrial., He Abt., 1S96, xx, 432. 
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An interesting phenomenon rvas observed in the broth at pH 5, 
6, and 9. At the time given in Table HI onlj’’ a few spores had germi- 
nated. These first vegetative cells did not exhibit the characteristic 
motility of this species, neither did rapid multiplication begin at once. 
Several hours later, however, after most of the spores had germinated 
the vegetative cells became activety motile and multiplication became 
much more rapid, indicating that by the life processes of the orgamsms 

TABLE IV. 


Time in Hours Required by B. suhtUis io Reach Various Stages of Decdopmeni at 
Dijerent pH Values. {Temperature 37°C.) 


pH • 

Spore. 

Vegetative cell. 

’Spore- 

Swollen. ^ 

Jenmnation 

begins. 

Single. 

Chains. 

Grannie. 

Refractive 

body. 

Endo- 

spore. 

Free 

spore. 


hn. 

krs. 

hrs. 

hrs. 

hrs. 

hrs. 

krs. 

krs. 

1 

s 








2 

u 





1 


\ 

3 

1 « 




■ 

1 



4 

a 




1 




5 

2.0 

11.0 1 

13.0 1 

15.0 

20.0 

24.0 

27.0 

32.0 

6 

1.5 

8.0 

9.0 

10.0 

14.0 

19.0 

22.0 

28.0 

7 

1.5 

5.0 

7.0 

9.0 

12.0 

17.0 

19.0 

26.0 

8 

1.5 

3.5 

6.0 

8.0 


12.0 

13.0 

20.0 

9 

1.5 

4.0 

5.0 

7.0 


10.0 

14.0 

23.0 

10 

1.5 

11.0 

12.0 

14.0 

15.0 

18.0 

25.0 

35.0 

11 

s 








12 

It 








13 

it 









Figures represent average of four esperiments. 

S indicates no apparent change except slight swelling and a certain loss of 
refrangibility. 


the reaction of the medium was approaching the optimum. In view 
of facts shown in a prexnous publication,® this behaxdor may be ex- 
plained as a manifestation of the beginning of the automatic adjust- 
ment of tlie medium. 

The behavior in pH 10 was also interesting. Only a few of the 
spores germinated and these passed into the spore stage in a compara- 
tively short time without mudi further multiplication. 

® ll.ino. A., ilassachisclts Agric. Krp. Sta., Bull. 167, 1916, 174. 
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SPORE CYCLE OF BACILLUS SUBTILIS 


Series HI (37°C.). — ^This series was kept in the incubator at 37°C. 
The results are given in Table lY- 
In general Table TV^ shows the same results as Table EH, except 
that the rate of completion of the q'cle was accelerated at the higher 



Fig. I . Curves showing the time required for the germination of spores of 5, 
mbtUis in broth of different pH values at '25° and 37°C. 
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temperature. The time required for germination does not show this 
acceleration, as is e\ddent from Fig. 1. This indicates that 37° is 
decidedly above the optimum for germination. 

The time required for the completion of the spore cycle is shown 
graphically in Fig. 2, which indicates that the spore cycle was com- 
pleted only at pH 5 to 10 and that the rate of completion is acceler- 
ated by the rise in temperatru-e. The acceleration, however, is ir- 
regular and does not maintain any uniformity throughout the series. 
The irregularity in the curve may be due to the previously mentioned 
automatic adjustment of the reaction of the media during the period 
of active growA which is included in the spore cjmle. In broth of 
pH 5, 6, and 9, the hydrogen ion concentration would be gradually ap- 
proaching the optimiun during the period of active growth. 

The apparent discrepancy in pH 10 of the 25°C. is probably due to 
the formation of spores because of the unfitness of medimn of this 
pH value for growth and multiplication. The slight difference in 
time required for spore formation in broth of this pH value at 25° and 
37° indicates that spore formation in this medium is probably not in- 
duced by products of metabolism. 

SUMMARY AND CONCLUSIONS. 

1. At 5°C. no germination took place. • 

2. At 25°C. and at 37°C. germination occurs if the hydrogen ion 
concentration of the broth is kept between pH 5 and pH 10, but not 
at higher or lower pH values. 

3. The completion of the spore cycle likewise requires a hydrogen 
ion concentration between pH 5 and pH 10. 

4. The spores can germinate when the pH value is 10, although after 
germination the vegetative cells multiply only to a very slight extent 
and soon pass into spores. 

5. The sh'ght growth and multiplication of vegetative cells in broth 
of pH 10 suggest that the formation of endospores in this medium must 
be caused largely by the imfavorable reaction of the medium ratlier 
than b)' the accumulation of metabolic products. 

6. Automatic adjustment of the medium seems to play a role in the 
completion of the spore cycle. 

7. The results are not only of theoretical importance but they have 
a practical application to the preservation of food by canning and by 
other methods. 



BIOELEMENTS; THE CHEMICAL ELEMENTS OF LRTNG 

MATTER. 

By INGO W. D. HACKH. 

{From the College of Physiciam aitd Surgeons, San Francisco^) 

(Received for publication, November 25, 1918.) 

Among the 87 known elements less than one-half (namely 34) have 
been found to enter into li\Tng matter. Of these only 17 seem to be 
essential to life, and of these 17 not more than 4 elements form from 
97 to 99 per cent of the living organism. 

In order to illustrate the importance of the different elements Fig. 

1 and Tables I and H have been prepared, showing that some ele- 
ments occur invariably, others frequently, and still others are of such 
rare occurrence that their presence in li\Tng matter seems adventitious. 

In Fig. 1 the new periodic system' has been utilized to show that 
all the biodements occupy neighboring places and that the majority of 
them possess low atomic weights, belon^g to the first two periods 
of the system. 

An approximation to the ultimate composition of man is given 
in Column 2 of Table I, while Column 3 shows the elementary 
composition of long leaf pine, calculated from the data of Little.- 
The chemical character of the mammal in comparison with the gjun- 
nosperm is eHdent, the latter containing 99 per cent of C, H, and O 
and only veiy small amounts of other elements, of which A1 and Si 
are the predominant ones (due to the abundance of these two elements 
in the soil). 

Witli the c.\ception of o.xygen, no element enters into the li%Tng 
organism as a free element, but only in the form of compounds, the 
majority of diese being non-polar; that is, organic compounds. For 

* ll.ickh, I. W. D., J. Am. Chan. Soc., 1918, xl, 1023; Am. J. Sc., 1918, xld, 

. 

l-iulc, A. D., J, l7id, a7:d Kfig* Ckcni.j 1916, 102. 
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Fig. 1. Bioelements and the periodic system. Bioelements invariably or fre- 
quently present in L'-vdng organisms are indicated by a continuous arc; those which 
occur variably and rarely by a broken circle. The numbers indicate the order of 
their relative percentage. The elements of the lithosphere, hydrosphere, and 
atmosphere are also indicated by a continuous, broken, or dotted line. The ele- 
ments occurring in meteorites are shown by a dot. The numbers indicate their 
relative abundance. This chart of the periodic system divides the elements into 
non-metals, h'ght metals, and heavy metals. Missing elements are those of atomic 
numbers 43, 61, 75, 85, and 87, whUe Po = polonium, Ac = actinium, and Bv = 
brevium are radioactive substances, of which so far no long lived isotope is known. 
(See Hackh, 1. W. D., Avi. J. 5c.,' 1918, xlvi, 481;'/. Am. Chcm. Soc., 1908, xl, 
1023.) 


430 








































INGO TV. D. HACKH 


431 


comparison the average composition of these compounds or foods is 
given in Columns 4, 5, 6, and 7 of Table I. 

Regarding the distribution of the elements in the biosphere, there 
are the nine essential elements which are invariably present in the 
cell: C, H, 0, N, P, S, Mg, Fe, and K, while eight more seem also to 
be important, for they are always present in small amormts in plant 


T.ABLE I. 

Bistribulion oj Bioelemenfs. 


1 

Mammals. 

Gynmosperms. , 
C 

Average composition of foods. 

^rbobydrates- 

Fats. 

Proteins. 

Fresh ^ter. 

(1) 

(2) 

(3) 


G) i 


(S) 1 

(6) 


(D 


PtT cerJ 

per cent 

per cent j 

per cenl 

perctr.i 

per cent 

1 

0 

62.43 

c 

53.96 

o 

49.38 

C 

69.05 

c 

51.3 

o . 

88.80 

2 

c 

21.15 

0 

38.65 

C 

44.44 

o 

17 .90 

0 

22.4 

H 

11.16 

3 

H 

9.86 

H 

7.13 

H 

6. IS 

H 

10.00 

N 

17.8 

S 

0.018 

4 

N 

3.10 

AI 

0.065 




P 

2.13 

H 

6.9 

C 

0.005 

5 

•Ca 

1.90 

Si 

0.057 


— 

N 

0.61 

S 

0.8 

Ca 

0.004 

6 

P 

0.95 

S 

0.052 


— 

S 

0.31 

P 

0.7 

Mg 

0.003 

7 

j K 

0.23 

Fe 

0.030 



1 


Fe 

0.1 

N 

0.002 

8 

S 

0.16 ' 

N 

0.030 


— 




— 

Fe 

0.002 

9 ’ 

Cl 

0.03 

Ca 

0.007 


I 




— 

P 

0.001 

10 

Xa 

O.OSO 

K 

0.006 


— 






Na 

0.001 

11 

.Mg 

0.027 

P 

0.005 


— 


— 




K 

0.001 

12 

I 

0.014 

Mg 

0.003 


— 


— 


— 

1 Remainder 













0.003 

13 

F 

0.009 

Cl 

0.002 


_ 







14 

Fc 

0.005 

Xa 

0.001 









15 

Br 

0.002 

F 

0.001 


— 


— 


— 


— 

16 

AI 

0.001 

Mn 

0.001 









17 

Si 

0.001 


— 





- 





IS 

Mn 0.001 


— 


— 


— 


— 


— 

- 

100.00 

100 00 

100,00 

100.00 

100.00 

100.00 


... lilt titmcniarj- composition of man; Col- 

umns 4, a. 6, .and 7 give the average composition of common foods. The data of 
Column a arc calcuhted from the results of Little and represent the elementary- 
Composition of the long Icnf pine. 
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and animal organisms; namely, F, Cl, Br, I, Si, Na, Ca, and Mn. 
These seventeen bioelements are shown in their relative order in 
Fig. 1, all of them occupying neighboring places. 

In addition to these elements there are some apparently essential 
to certain species of plants and animals, such as Al, Cu, Cs, B, Ba, 

TABLE n. 


Dislribution of Chemical Elements. 


Order. 

Lithosphere. 

Hydrosphere. 

Atmosphere. 

Meteorites. 

(1) 

(2) 

fer cent 

C3) 

fer cent 


«) 

fer cent 


(S) 

per cent 

1 

0 

47.33 

0 

85.79 

N 

75.53 

Fe 

72.06 

2 

Si 

27.74 

H 

10.67 

O 

23.02 

O 

10.10 

3 

Al 

7.85 

Cl 

2.07 

At 

• 1.40 

Ni 

6.50 

4 

Fe 

4.50 

Na 

1.14 

H 

0.02 

Si 

5.20 

5 

Ca 

3.47 

Mg 

0.14 

C 

0.01 

Ug 

3.80 

6 

Na 

2.46 

Ca 

0.05 

Kr 

0.01 

s 

0.49 

7 

K 

2.46 

S 

0.05 

Xe 

0.005 

Ca 

0.46 

,8 

Mg 

2.24 

K 

0.04 

Remainder 0.005 

Co 

0.44 

9 

Ti 

0.46 

N 

0.02 


— 

Al 

0.39 

10 

H 

0.22 

Br 

0.01 


! 

Na 

0.17 

ii 

C 

0.19 

C 

0.01 


— 

P 

0.14 

12 

P 

0.12 

I 

0.006 


— 

Cr 

0.09 

13 

S 

0.12 

Fe 

0.002 




C 

0.04 

14 

Mn 

O.OS 

Remainder 

0.002 


— 

K 

0.04 

IS 

Ba 

0.08 


— 


— 

ain 

0.03 

16 

F 

0.07 


* 




Ti 

0.01 

17 

Cl 

0.06 


— 


— 

Cu 

0.01 

18 

N 

0.02 


— 


— 

Remainder 0.03 

19 

Sr 

0.02 





— 


— 


RemainderO.Sl 


— 


— 


— 


100.00 

ICXl.OO 

100.00 

lOO'.OO 


The data of Columns 2, 3, and 4 are taken from Clarke,^ those of Column 5 
from Farrington, O. C., {Field Museum Nat. History, Publication 120, 1907; 
Publication 151, 1911), whose report contains analyses of 318 iron and 12S stone 


meteorites. 
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Li, Rb, and Zn, Tvhile traces of As, Ce, Co, Cr, Mo, Ni, Pb, Ra, Sr, 
and Ti, have also been reported in specific instances. These ele- 
ments are marked by a broken circle in Fig: 1 and are also situated 
close together, with two exceptions.® 

This summary would be incomplete without a consideration of the 
abundance of the elements upon our earth. In Table IT the data 
calculated by Clarke^ are systematically arranged and the order of 
occurrence in the three spheres (gaseous, liquid, and solid) has been 
embodied in Fig. 1. It is significant that only the four elements C, N, 
0, and H occur in all three spheres, while only seven, S, Cl, K, Na, 
Mg, Ca, and Fe, are predominant in two spheres. Thus the elements 
of liTTng matter are also the common elements of the earth sTirface. 

Plant organisms contain relatively more of the elements of the soil. 
Titanium seems to be an exception; although it occurs in traces in 
nearly all plants,® we know little of its physiological fimctions. Its 
abundance in celestial bodies, revealed by the spectrum of titanium 
o.xide, would indicate a more important role of this element than is 
known at present. 

In conclusion, only 5 per cent of the known elements (namely, C, 
N, 0, and H) forms from 96 to 99 per cent of the biosphere,® while 
about 15 per cent of the elements is invariably or frequently present, 
another 20 per cent sometimes occurs in traces in certain organisms, 
and the remaining 60 per cent of the elements is absent imder normal 
conditions; thus from 60 to 80 per cent of the elements (absent and 
rarely encountered) are of a more or less poisonous character. 

* These two e.xccptions, Ce and Pb, would indicate that other members of the 
carbon group, Zr and Sn, should be found in org;anisms. 

^ Clarke, F. \V., U. S. Gcol. Suncy, Bull. 616, 3rd edition, 1916. 

® Robinson, W. O'., Steinkociug, L. A., and Miller, C. F., U. S. Debt. Agric. 
B:ircau_of Soils, Bull. 600, 1917. 

' These four elements have also been utilized for a sj-stem of structure symbols 
of organic compounds (sec Hackh, I. W. D., Canadian Ckem. 1918 ii 135- 
Seknee, 1918, .rl\-iii,'333). ’ ’ 




PHOTOREACTIONS OF PARTIALLY BLINDED WHIP-TAIL 

SCORPIONS. 

Bv BRADLEY M. PATTEN. 

{From Ihc Laboratory oj Histology and Embryology, School of Medicine, Western 
I Reserve University, Cleveland.) 

(Received for publication, December 11, 1918.) 

IKTRODDCnON. 

The experiments dealt with in this paper were de\ised to ascertain 
(1) the relative effectiveness as photoreceptors of the whip-tail scor- 
pion’s median eyes, lateral eye groups, and cutaneous sensitive areas, 
and (2) the effect on orientation produced by sjunmetrical and by ' 
asjTnmetrical interference with ‘the photoreceptive mechanism. 

Most of the animals familiar in the literature on phototropism have 
light-sensitive mechanisms which consist of a single pair of receptors, 
or mechanisms in which one of the receptors overshadows the others 
in effectiveness. The whip-tail scorpion has three pairs of photore- 
ceptors, each of which, acting alone, is capable of bringing about orien- 
tation. It offers, therefore, unusually varied possibilities for experi- 
ments altering the normal, s>Tnmetrical condition of the photorecep- 
tive mechanism. 

As a basis for working on partially blinded scorpions, the responses 
of normal animals were quantitatively determined. The results of 
Uiis preliminary work have already been published (1), but certain of 
die more important points may be summarized here. The species of 
whip-tail used {Mastigoproctm giganlcus Lucas) was foimd to be 
negatively phototropic, and verv- consistent in its precision of orienta- 
tion. The method of measuring tlic normal reactions and the ex- 
perimental conditions under which the measurements were carried out 
were chosen with a riew to making even slight changes in reaction 
clearly recognizable. Responses to known intensities of illumination 
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were recorded in terms of deflection from an initial direction of loco- 
motion. Deflection amplitudes were measured in degrees by record- 
ing the animal’s point of emergence from a graduated circle. By 
making the diameter of the circle relatively small (50 cm.), the rate of 
attaining orientation, as well as the accuracy of orientation, was made 
measmreable. 

The accuracy of orientation exhibited by normal animals when 
placed between equal, opposed beams of h'ght, was measured as the 
reaction which would be most readily disturbed by any as)mmietrical 
interference with the receptive mechanism. Deflection amplitudes of 
animals subjected to anterior and to lateral illumination were meas- 
urefl as being the reactions which w'ould be most extensively changed by 
symmetrical eliminations of receptors. 

The experiments on partially blinded animals reported below were 
carried out with the same intensity of illumination, and the same 
method of handling used on normal animals. Change from the nor- 
mal reaction following the elimination of a photoreceptor can, there- 
fore, be taken as a measurable index of the effectiveness of the receptor 
prevented from fimctioning. A series of experiments in which all 
possible cases of elimination are carried out will show at the same 
time the relative effectiveness of the different members of the receptive 
system, and the effect on orientation produced by symmetrical and 
by asymmetrical interference with the photoreceptors. 

Apparatus. 

The apparatus used in these experiments was the same as that used 
in measuring the reactions of normal animals. It is sho^\^l in Fig. 1. 

Determinations of the illumination delivered by the lights were 
made vith a Bunsen photometer. Each fixed light gave an illumina-. 
tion of 120 candle meters at the center of the observation circle. The 
intensity of the third light could be varied by mo\dng it to different 
positions along the axis. The •whole apparatus was located in a dark 
room and in order to reduce reflected light to a minimum, all parts of 
it except the scales were painted flat black. 
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Methods. 

The general external anatomy of the whip-tail scorpion and the 
more important points concerning its experimental h^dling ha-\ e 
been taken up in a preliminary paper (1). For a detailed morpho- 
logical consideration of the group to which Mastigofrocliis giganteus 



Fig. 1. Plan of apparatus. About 0 as a center a circle 50 cm. in diameter 
was described and graduated in degrees. This is termed the “observation circle”. 
The axis pp' is constructed parallel to the edge of the table and the axis yy' per- 
pendicular to pp'. On the axis yy' two 15 watt Mazda lamps, A and B, were set 
up, each distant 35 cm. from the center of the circle. On the axis pp' a similar 
lamp was mounted on a movable frame, C. Alnxed at right angles to the base of 
the frame, C, was a scale, V, reading as a vernier against the scale, S, at the edge 
of the table. Light-proof cases, s^,s, enclosed each light except for diaphragms 
3X3 cm. so placed that the beams of light transmitted each centered at 0. 

belongs reference should be made to Bomer (2). The sketch of Masli- 
goprocius reproduced in Fig. 2 will ser\-e to give the location of the 
photoreceptors considered in this paper. 

As has already been slated, the method mapped out for securing 
data on llie eflectiveness of the various photoreceptors consisted in 
comparing with the reactions of normal animals, the reactions of ani- 
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mals in wMdi parte of the light-sensitive system had been prevented 
from functioning. Various means of eliminating tlie lateral and 
median eyes were considered. There seemed no justification, in the 



Fig. 2. MasUgoproclus giganlcus Lucas. /, chelicerre; Z, pedipalps; 3, modified 
anterior legs which serve as feelers; 4, S, 6, walking legs; me, median eyes; le, lat- 
eral e3'e group consisting of three ej’dets clustered very close together in the form 
of a miniature triangle. 

case of an animal in which the eyes could be effectively covered, for 
such violent methods as extirpation or cauterization with their pos- 
sible disturbing after-effects. The following two methods of covering 
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the eyes were both found to be satisfactorj^ and one or the other was 
used, without preference, in the series of experiments. 

1. Asphaltum varnish was applied with a camel s hair pencil to 
the surface of the eye and allowed to drj- until sticky. A cap of tin- 
foil cut to lit over the eye was then set in the varnish and allowed to 
dry in hard. Finally another coat of asphaltum was put over the 
cap, especial care being used to seal the edges tightly. 

2. Rubber adhesive tape was given two coats of asphaltum varnish 
on the fabric surface. liTien the second coat had dried, the tape was 
cut into caps of the desired size, which were pressed firmly over the 
eyes. The caps were then sealed on with asphaltum varnish and 
allowed to dry. 

Subsequent microscopical examination of cleaned exoskeletons of 
animals in which the eyes had been capped in these ways gave no 
indication of light leakage. Furthermore, either type of covering 
could be removed, lea\ing the eye uninjured for control experiments. 

The first animals handled after the cappiog of both median eyes 
and both lateral eye groups showed still a well defined sensitiveness to 
light. After careful rechecking of the work for possible light leakage 
around the caps showed that the eyes were effectively covered, a 
systematic search was begun for cutaneous photosensitive areas.^ 
Animals were placed under vertical illumination of just sufficient in- 
tensity to make their outlines discernible and searched with a point of 
intense light obtained by placing a tungsten flashlight bulb in place 
of the ocular of a compound microscope and converging the rays through 
the objective (3). As might be expected, the areas of the body cov- 
ered by thick, hea^'ily pigmented chitin were insensitive to light. 
This narrowed the search to two localities: the “feeling legs” (see 
Fig. 2) which had already been demonstrated to be sensitive to touch 

* The possibility that blinded scorpions might be reacting to the heat of the 
light was tested in the followingway. .\nimals were illuminated from one side by 
light of 120 candle meters. On the opposite side. 20 cm. distant from the scor- 
pion, %V3S placed a flatiron emanating heat rays plainly discernible to the back of 
the hand. The light drove both normal animals and animab with their median 
and lateral eyes capped toward the iron until they burned their feelers on it. 
In spite of their crudeness these experiments serwd to rule out the possibility of 
.a heat reaction playing any part under the conditions of these experiments.' 
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and to chemicals, and the areas of extremely thin and unpigmented 
chitin around the articulations of the appendages -unth the sides of 
the cephalothorax. Careful searching of the feelers u-ith the light 
spot failed to elicit an}* reaction from the animal or movement of 
tlie feelers. Furthermore when the feelers were cut off several 
animals, some of which were otherwise normal and some of which 
had both median and lateral eyes capped, the characteristic orienta- 
tion to light was in neither case affected. 

Attention was then turned to the areas of thin chitin at the sides 
of the cephalothorax. Searching these areas with the light spot 
caused the animals to turn away from the illuminated side. The 
same areas were then rendered opaque by painting with asphaltum 
varnish.- Animals with one side of the cephalothorax blackened, 
when subjected to bilaterally balanced illumination, showed a I'ery 
marked deflection toward the blackened side. This deflection was 
not attributable to mechanical interference with locomotion due to 
the presence of the varnish, for when- stimulated mechanically, tlie 
animals did not move in curves. In another series of cases, scorpions 
with all eyes capped and both sides of the cephalothorax blackened 
were found to be insensitive to light. Methylene blue preparations 
of the integument in this region made subsequently showed abundant 
ganglion cells and nerve endings. 

These obsenmtions indicated that the analysis of the receptive 
mechanism must deal ndth tliree elements; the median eyes, the lat- 
eral eye groups, and the photosensitive areas at the sides of the 
cephalothorax where the legs articulate witli the body. With ef- 
fective methods of preventing any receptor or group of receptors from 
functioning, the work resolved itself into series of measurements in 
which all possible combinations of interference with the photorecep- 
tors should be covered. 

= The results of this treatment were at first somewhat unsatisfactorj' because 
of the mucus tbro-svn out when the areas in question were irritated b3' the varnish. 
It was possible, however, b\' repeated paintings to get a nearly unbroken coat of 
varnish to adhere. Animals treated in this way had to be used in the desired 
e.\'periments before the %’amish had dried long enough to become brittle. 
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Reaclion Measurements. 

In all the tests -n-itli partial!}' blinded animals, great care was used 
to reproduce the experimental conditions under which the corre- 
sponding tests on normal animals had been made. The method of 
handling the animals and the methods of measuring and tabulating 
the reactions were the same as those described for normal animals (1). 
The details have, therefore, been omitted and the data presented only 
in the form of tabular and graphic summaries. 

For convenience in presentation and consideration, the reaction 
measurements have been collected in three groups; (1) The reactions 
to balanced opposed iUumination of animals subjected to as}Tnmetri- 
cal interference with the photoreceptive mechanism. (2) The reac- 
tions to balanced opposed illumination of animals subjected to sym- 
metrical interference with the photoreceptive mechanism. (3) The 
reactions to lateral and to anterior illumination of animals subjected 
to s}Tnmetrical interference with the photoreceptive mechanism. 

Reactions to Balanced Opposed Illumination of Animals Subjected to 

Asymmetrical Interference with the Photoreceptive Mechanism. 

In all the e.xperiments on as}Tmnetrical interference, the blacikening 
was carried out on the right side in one-half of the animals, and on 
the left side in the other half of the individuals used. Tables I and 
II show the results of measurements made on animak with one lat- 
eral eye group capped, and on animals with one side of the cephalo- 
tliorax blackened. These tables are given in detail partly as illus- 
trations of the metliod of handling the measurements, but especially 
to show tire consistency and the range of indi\’idual variability en- 
countered in U-pical series of measurements. Qualitatively there can 
be no doubt as to the significance of the reactions. The approximate 
consistency of tire individual reactions would indicate that averages 
obtained from the ten trials of an animal e-xpress with reasonable 
quantitative accuracy the value of the reaction. 

In the case of the oQier series of measurements detailed tables have 
been omitted and only the summary of the results presented. Table 
III .‘summarizes the measurements made under balanced illumination, 
on animals subjcctcel to asranmetrical interference with the photo^ 
receptors. 



TABLE I.' 

Reactions to Balanced Illumination of Animals SDith Lateral Eye Group on One 
Side of Head Covered. Measurements Recorded in Degrees of Deflection 
from Initial Path of Locomotion Perpendicular to Line Connecting 
Two Sources of Light. 


No. of 

Animal 6. 

Risht latcral'eye 
group cappecl. 

Animal 10. 

Right lateral eye 
group capped. 

Animal 8. 

Left lateral cj'e 
group capped. 

Animal 9^. 

Left lateral eye 
group capped. 


Deflection 
to right. 

Deflection 
to left. 

Deflection 
to right. 

Deflection I 
to left. 

Deflection 
to right 

Deflection 
to left. 

Deflection 
to right. 

Deflection 
to left. 


decrees 

dtircts 

dtgrecs 

degrees 

degrees 

degrees 

degrees 

degrees 

1 

30 


35 



22 


20 

2 

50 


22 



32- 

0 

0 

3 

28 


20 



28 


40 

4 

38 


45 



30 


30 

5 

40 


25 



62 . 


30 

6 

50 


0 

0 


33 


20 

7 

46 


22 


5 



10 

8 

20 


50 



42 


20 

9 

22 


10 



3S 

0 

0 

■ 10 

40 


30 



45 


20 

Total. . . 

364 


259 


5 

332 


190 

Average. 

36.4 to right. 

25.9 to right. 

32.7 to left. 

19 to left. 


TABLE n. 

Reactions to Balanced Illumination of Animals with Cutaneous Photosensitive Areas 
on One Side of Body Blackened. Measurements Recorded in Degrees ' of 
Deflection from Initial Path of Locomotion Perpendicular to 
Line Connecting Two Sources of Light. 


No. of 
trial 

Animal 21. 
Cutaneous sensitive 
areas on left side 
' blackened. 

Animal 22. 
Cutaneous sensitive 
areas on lejt side 
blackened. 

Animal 23. 
Cutaneous sensitive 
areas on right side 
blackened. 

Animal 24. 
Cutaneous sensitive 
areas on right side 
blackened. 



Deflection 


Deflection 

Deflection 

Deflection 

Deflection 

Deflection 


to right. 

to left. 

to right. 

to left. 

to right. 

to left. 

to right. 

to left. 


degrees 

degrees 

degrees 

degrees 

degrees 

degrees 

degrees 

degrees 

1 


12 


52 

30 


30. 


2 


26 


30 

■ 12 


20 


3 


12 


24 

40 


56 


4 


13 


25 

50 


24 


5 


30 


22 

21 


34 


6 


28 


42 

52 


60 


7 


36 


12 

30 


20 


8 


50 


18 

22 


20 


9 


48 


16 

28 


16 


10 


31 



3-1 


24 


Total. . . 

■ 

286 


251 

319 


304 


mg 

28.6 to left. 

25.1 to left. 

31 .9 to right. 

30.4 to right. 
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TABLE m* 

Summary of Measurements on Asymmeirkally Blinded Animals under Balanced 

Illumination. 


Deflections from initial path of locomotion peipendicnlar 
to the line connecting two ecpially intense souires 
of light at iLs mid-point. 



Individual averases eacb based on ten trials. 

Average 
deflection 
iOTvard less 
sensitive 
side. 


lnimals\rilb right side . 

less <cnsith*c- 
Dedections to right. 

.\nimals vritb left side 
less sensitive- * 

Deflections to left. 


SBBI 


.Animal 1. 



One median eye capped. 

degrea 1 

10.5 

degrees 

14-1 

degrees 

S.2 

degrees 

29.7 

degrees 

15.6 

Both lateral eye groups and median eye 
on one side capped. 

23.0 

20.8 

17.5 

10.3 

■ 

Both cutaneous sensitive areas and 
both lateral eyes blackened and 1 
median eye on one side capped. 

21.4 

31.3 

23.0 

32.9 

27.1 

One lateral eye group capped. 

36.4 

25.9 

19.0 

32.7 

28.5 

Cutaneous sensitive areas on one side 
blackened. 

31.9 

30.4 

28.6 

25.1 

29.0 

Both lateral eye groups and both 
median eyes capped and cutaneous 
sensitive areas of one side blackened. 

37-5 

35.5 

37.2 

54.0 

36.0 

One median eye and one lateral eye on 
same side capped. 

35.7 

42.3 

36.6 

•35.9 

37.6 

One median eye and the cutaneous sen- 
sitive areas on the same side black- 
ened. 

35.4 

33.3 

37.4 

41.6 

36.9 

One lateral eye and the cutaneous sen- 
sitive areas on the s-ime side black- 
ened. 

41.0 

48. 8 

46.5 

39.2 

43.9 

All plmtorcccptors on one side* black- 
ened. 

Circus 

move- 

ments. 

Circus 

move- 

ments. 

Circus 

move- 

ments. 

Circus 

move- 

ments. 

Circus 

move- 

ments. 
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The measurements given in Tables I to HI are graphically summar- 
ized in Fig. 3. The circles represent the observation circle of the 
apparatus, and the groups of arrows the direction of the lights. The 
initial position of the animal is indicated by the outline in the center 
of the circle, and the average path of an animal, based on ten trials, 
by the radial arrows. On the same figure the average path of travel 
followed by normal animals, under tlie same experimental conditions, 
is indicated bj’’ shading. The arrows showing deflections to tlie right 
and to the left indicate the courses of animals TOth tlie blackening 
carried out on their right and on their left sides respectively. 

In every one of the ten combinations of eliminations in whidi the 
photoreceptive mechanism was left functional!}’’ asymmetrical, the 
deflection appears toward the side made less sensitive. 

Reactions to Balanced Opposed Illumination of Animals Subjected to 
Symmetrical Interference -with the Receptive Mechanism. 

As controls to the experiments in which the receptive mecham'sm 
was rendered functionally as}Tnmetrical, measurements w’ere made 
covering the reactions to balanced illumination of animals w’hicli had 
been subjected to bilaterally symmetrical eliminations of their light- 
sensitive organs. 

The measurements are summarized in Table W and represented 
graphically in Fig. 4. The manner of- representation is tlie same as 
that in Fig. 3, the shaded area representing the reaction range of nor- 
mal animals, and the radial arrows the average patlis of the experi- 
mental animals. In none of the cases do the reactions of animals with 
the photosensitive mechanism left functionally s}’nimetrical vary 
appreciably from the reactions of normal animals. This series of 
measurements stands in striking contrast-to that of Fig. 3 with w’hich 
it should be compared. 

Reactions to Lateral and to Anterior Ilhnnination of Animals Subjected 
to Symmetrical Intcfercncc -with the Photoreceptive Mechanism. 

^^^lile symmetrically blinded animals showed little or no variation 
from the normal when subjected to balanced illumination, under lateral 
or anterior illumination their attainment of orientation was retarded. 



nf rpictions to balanced illumination in animals which had been s'. j 
Fig. 3. Grapbiwl The circle represents the observation circle of 

cncc with their photorecep -n^oueitc of the scorpion, the animal’s position when subjected to 

direction of the light beamr, ° curated radial arrows, the average paths of 


direction of the light curated radiar arrows, the average path 


on ten trials), a. One _ 'sensitive areas blackened, d. One lateral eye group capped, 
lateral eyes, and both cut area of one side blackened and median and lateral eyes on oot 

side blackened. /. « ' capped, h. One median eye capped and the cutaneous sensi i 

rnJd'V OnflaTeX;^ 

side of iVic body bl:\ckcncd. 
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This difference in response in the two cases is due to the difference in 
the way the animals were brought into the field of light. I^Tien sub- 
jected to balanced illumination, their initial direction of locomotion 
was “in orientation” and it was only necessary to maintain it. The 
s}Tnmetrically reduced photosensitive mechanism did this nearly as 
effectively as the normal. Under lateral or anterior illumination the 

TABLE w. 

Rcaclioiis to Balanced Illumination of Animals Previously Subjected to Symmetrical 
Interference vntli Photoreceptive Mechanism. 


Peflection from imtiil path of locomotion perpendicnlar to line connecting 
two equally intense sources of light at its nud.point. 


Operation. 

Indh.*idaal aveiascs based on ten trials. 

Average path 
of all animals 
tested. 


Animal 1- 

Animal 2. 

Animal 3. 

Animal 4. 

Both median eyes 
capped. 

desreff 

0.3 to right. 

detrea 

0.8 to left. 

depta 

0.1 to left. 

deirea 

0.3 to right. 

depea 

0.1 to left 

Both lateral eyes 
capped. 

i2.3 to left. 

2 .9 to left. 

3.5 to right. 

1.6 to right 

0.03 to left. 

Cutaneous sensitive 
areas on both sides 
blachcned. 

0.2 to left. 

3.9 to tight. 

4.3 to right. 

0.6 to right. 

1 

2.1 to right. 

Both median and both 
lateral eyes capped. 

■1.2 to right. 

■1.7 to left, j 

3.7 to right] 

0.2 to right 

0.9 to right. 

Both lateral eyes 
capped and cutane- 
ous sensitive areas 
on both sides black- 
ened. 

2.1 to right. 

■1.7 to right. 

4.9 to right. 

3.0 to left 

2.2 to right. 


animal must change its direction of loconwtion to conic info orientation, 
and this was accomplished less rapidly in animals with reduced photo- 
sensitive areas than in normal indi\-idua]s. Doubtless if the final 
orientation were measured, it would var\- but little from that of 
normal animals. Since, however, the reactions are measured by 
point of emergence from a standard circle; even slight variations in the 
rale of coming into orientation became apparent, because the method 
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■ivas based on the degree of orientation attained wliile the animal was 
traveling over a standard distance, thus taking into account the time 
factor. 



Fig. 4. Graphical summaij’- of reactions to balanced illumination in animals 
which had been subjected to symmetrical interference with tlieir photoreceptive 
meclianism. The circle represents the observ^ation circle of the apparatus; the 
groups of arrows, the direction of the light beams; the silhouette of the scorpion, 
the animal’s position when subjected to bilateral illumination; the shaded seg- 
ment, the average patli of normal animals; the curved radial arrows, the average 
paths of experimental animals (based on ten trials), a.- Animals with both median 
eyes capped, b. Both lateral eye groups capped, c. Cutaneous sensitive areas 
on both sides blackened, d. Both lateral and both median eyes capped, c. 
Both lateral eyes and the cutaneous sensitive areas on' both sides blackened. 

The reaction measurements made on sjunmetricallj'’ blinded ani- 
mals subjected to lateral illumination are collected in Table V and in 
Fig. 5. The solid arrows represent the average path followed b)' the 
partially blinded animals, tlie dotted arrows the average reaction of 
normal animals under the same conditions of illumination. 



BRABIiJy-M. PATTEN 


447 


TABLE V. 

Reaciwns to Lateral Illumiiiatwn o{ Animals Prcsiously Subjected to Symmetrical 
Interference svith Photorcccplhc Mechanism. 


Deflection from initial path of loconration at right 
angles across the beam of light. 


Ope**atioa. ' 

Individual averages based on ten trials. 

Aver^ of 


Animal 1. 

Animal 2. 

am 


tested. 

Both median eyes capped. 

degrrer 

61.3 

decrees 

61.9 

dtgrus 

58.3 

iegms 

55.2 

destees 

59.2 

Both lateral eyes capped. 

43.5 

50.5 

60.3 


55.4 

Cutaneous sensitive areas of both sides 
blackened. 

60.1 

48.1 

38. 9 

45.1 

1 

1 48.1 

Both median and both lateral eyes 
capped. 

52.5 

1 41.3 

39.5 

44.2 

44.4 

Both lateral eyes capped and cutaneous 
sensitive areas of both sides blackened 

42.6 

30.4 


23.8 

35 .4 

All photoreceptors blackened. 

+8.8* 

6.3 

4.6 

2.0 

1.0 


The plus sign indicates that this deflection tvas toward the light. All other de- 
flections in the table are atvay from the light, or negative. 


TABLE \'I. 

Reactions to Anterior Illumination of Animals Previously Subjected to Symmetrical 
Interference with Pkoiorcccptkc Mechanism. 


Deflection from initial path of locomotion directly 
toward source of light. 


Operation. 

Individual avenges based on tea trials. 

Ayenne of 


Animal 1. 



a 

tested. 

Both median eves capped. 

1 dtfrta 

117.3 

degrees 

123.5 

degrees 

136.6 

degrees 

132.6 


Roth lalcnil eyes enpped. 

124 9 

12S.S 

127 8 

140.9 

150.6 

Cutaneous sensitive areas of both sides 
blackened. 

120 2 

121.0 

101.2 


110.7 

Both lateral and both mcdi.an eyes 
cap;xal. 

11S.3 

116 0 : 

10S.3 

115.8 

114.6 

Both lateral eyes capped and cutaneous 
sensitive areas on both sides black- 
ened. 

91 3 

88. 8 

9S.4 

101.0 

94.9 
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Table VI and Fig. 6 show the reactions of S 3 Tnnietrically blinded 
animals to anterior illumination. The experimental conditions under 
which these measurements were made are essentially similar to those 



Fig. S. Reactions to lateral illumination in animals ■n-hich had been subjected 
to symmetrical interference with their photoreceptive mechanism. The circle 
represents the observation circle of the apparatus; the group of arrows, the direc- 
tion of the light beam; the silhouette of the scorpion, the animal’s position when 
subjected to lateral illumination; the dotted arrow, the average reaction of nor- 
mal animals; the solid arrow, the average reaction of the e.xperimental animals. 
a. Animals with both median e3’^es capped, b. Animals with both lateral eye 
groups capped, c. Cutaneous sensitive areas on both sides blackened, d. 
Both median and both lateral eyes capped, c. Both cutaneous sensitive areas 
and both lateral eyes blackened. /. All photoreceptors blackened. 

set up when lateral illumination was used. The difference lies only 
in the greater deflection an animal must make to come into orienta- 
tion when subjected to anterior illumination. A comparison of Figs. 
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5 and 6 shows that the reactions under lateral and under anterior 

illumination are qualitatively the same. _ 

Quantitative comparison based on the percentage reduction of 
the normal reaction in each case shows a correspondence which is 




6 . 




Fic. 6. Reactions to anterior illumination in animals which had been subjected 
to symmetrical interference with thdr photoreceptive mechanism. The circle 
represents the observation circle of the apparatus; the group of arrows, the direc- 
tion of the light beam; the silhouette of the scorpion, the animal’s position when 
subjected to anterior illumination; the dotted arrow, the average reaction of nor- 
mal animals; the solid arrow, the average reaction of the experimental animals, 
a. Animals with both median eyes capped, b. .:\nimals with both lateral eyes 
capped, c. Cutaneous sensitive areas on both sides blackened, d. Both median 
and Ixjth lateral eyes capped, c. Both cutaneous sensitive areas and both lateral 
eyes blackened. 

within the limits of experimental error, when the differences in effec- 
tive illumination due to the anatomical position of the receptors is 
t.akcn into consideration (sec below). 
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DISCUSSION. 

Relaiive Effccivomess of Phoioreccpiors. 

The relative effectiveness of the lateral eye groups, the median 
eyes, and the cutaneous photosensitive areas should be indicated by 
the changes from the normal reactions produced by their elimination. 
Table VII is a summary of the data secured by unilateral and bilat- 
eral elimination of each of the photoreceptors. The change from the 
normal reaction is given (1) in degrees of deflection;- (2) in per cent 

TABLE vn. 


Summary of Effects of Eliminating Different M embers of Pholorccepihe Mechajiism. 


Orjan 

1 

1 

Unbalance as 
measured under 
bilateral illu- 
minalion. 

Pair of organs 
eliminated. 

Reduction from normal 
reaction as measured un- 
der lateral Ulummatioti. 

Reduction from normal 
reaction as measured un- 
der anterior illutninatioa. 

Deflection toward 
blackened side. 

O cJa 

s 

2 v)ja . 

A C ei O 

>.2Jc:2 

-i= 

ei 

treasured in de- 
grees of deflec- 
tion , 

In per cent of 
normal rcac- 
•tion. 

Relative values. 

66 
•c o 
e 
c ^ 

s'© 

|bI 

P*" 

ft 

« i e 

c*o o 

Relative values. 

One median 
eye. 


. 

1.0 

r 

Both median 
eyes. 

j' 6.6 

10 

1.0 

12.9 

9.2 

1.0 

One lateral 
eye. 

2S.5 

1.8 

Both lateral 
eyes. 

10.4 

15.9 

1.6 

9.8 

' 7.0 

0.8 

One cutane- 
ous sensi- 
tive area. 

29.0 

1.9 

Both cutane- 
ous sensi- 
tive areas. 

17.7 

26. S 

2.6 



2.3 


of tlie normal reaction; and (3) in relative values calculated by taking 
the change produced b)'^ elimination of the median eyes as unity. 

There are certain apparent inconsistencies in the data of Table VH 
that require consideration before we attempt to draw any conclusions 
as to the relative effectiveness of the photoreceptors. 

There is good agreement between the reductions in normal reaction 
produced by the elimination of the median eyes under lateral and 
under anterior illumination, the value of tire reduction from normal 
being 10 per cent under lateral illumination and 9.2 per cent under 




































BRADIXY M. PATTEN 


451 


anterior mumination. The changes from the normal reaction in- 
duced by elimination of the lateral eyes, however, do not show the 
same consistency, the values being 15.9 per cent^reduction of the nor- 
mal reaction under lateral illumination, and / per cent reduction 
under anterior illumination. This discrepancy is, I believe, attribut- 
able to the anatomical location of the lateral eyes. Their position at 
the sides of the cephalothorax, surrounded by heavily pigmented 
chitin, is such that a very small proportion -of the light in the field 
would be effective on the retinulae of the lateral eyes when the animal 
is directly facing the light. The lateral eyes would, therefore, be op- 
erating below their capacity during a considerable part of the deflec- 
tion made by animals headed into the light. On the other hand, they 
would be operating at maximum efficiency during the greater part of 
the deflection made by animals subjected to lateral illumination. 
The median eyes are so placed that they receive approximately the 
same amount of effective iOumination whether the animal is sub- 
jected to anterior or to lateral illumination. The conditions of shad- 
ing, involved in the initial positions of the animal account, therefore, 
for the discrepancy in the two sets of reaction measurements made on 
animals with their lateral eyes covered. -The same considerations 
would indicate that measurements under lateral illumination express 
more correctly than e.xperiments rmder anterior illumination the rela- 
tive effectiveness of the photoreceptors. 

Another apparent inconsistency in the data of Table ^TI is revealed 
by adding tlie reductions in deflection produced by the separate elimi- 
nation of each receptor. Taking as a basis the measurements made 
under lateral illumination, the reductions in deflection caused by the 
separate elimination of the three photoreceptors total to a value ap- 
proximately only one-half the normal reaction; yet when the three 
receptors are simultaneously eliminated the animals are practically 
insensitive to light (Table V and Fig. 5). It is possible to attribute 
these conditions to a compensator)' increase in actixdty on the part 
of the unblackened receptors. While this may be in part responsible, 
I believe the greater part, at least, of the discrepancy can be other- 
wise c.vplaincd. In each of the series of measurements in which some 
pan of the photoreceptive mechanism is prevented from functioning, 
the reduction in deflection is measured at what might be called the 
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upper end of the deflection range. It has been shown (1) that the 
increase in illumination necessary to produce an initial deflection of 
definite value is less than the increase in ill umin ation necessarj’- 
to produce an increase in deflection of like value. The data col- 
lected were not sufficiently extensive to justify the statement 
that the increases in deflection followed mathematically the Weber- 
Fechner law, but the curve of increase in deflection with in- 
creasing lateral illumination is certainly of that general tj^e. Ap- 
plied to the data under consideration, this means that the first 10° of 
deflection are more readily induced than the deflection from 10° to 20° 
and so on. A reduction in deflection to 50° from a normal of 60°, 
following interference mth receptors, does not indicate therefore that 
the receptive mechanism has been reduced by one-sixth in efficiency. 
On the contrary’’, it would require a reduction of considerabty more 
than one-sixth in photoreceptive effectiveness to reduce by one-sixth 
the normal reaction. 

WTiile it is not possible, in the light of the above considerations, to 
compute the effectiveness of the different receptors on the basis of 
the percentage reduction of normal reactions produced by their elimi- 
nation, their relative effectiveness may, nevertheless, be deduced from 
the available data. All the induced reductions in reaction, because 
of the method of measurement employed, fall in the same part of the 
deflection range. They can, therefore, justifiably be compared vdth 
each other. This comparison has been worked out in Table VH by 
taking the effect of the elimination of the median eyes as umty and 
comparing with it the effect produced by ehmination of the other 
receptors. By averaging’ the values thus obtained under the three 
different conditions 'of illumination used, we can approximate the rela- 
tive effectiveness of the photoreceptors as median eyes : lateral e3’'es : 
cutaneous areas :: 1 : 1.6 : 2.2. 

’ In computing the averages the responses to anterior illumination made by 
animals with their lateral eyes capped were not given equal weight with those 
made under lateral illumination. The reasons for regarding the experiments un- 
der anterior illumination as less accurate as far as indicating the effectiveness of 
the lateral eyes is concerned, are given in the text. 
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EJjecl on Orientation Produced by Symmetrical and by Asymmetrical 
Interference vAth the Photorecepthe Mechanism. 


Small changes in the tonus of the muscles of locomotion are fre- 
quently difficult to detect and always difficult to handle quantitatively 
in an animal which is notmo\*iiig. An animal’s locomotion, however, 
is a direct resultant of muscular acti\'ities and any difference in the 
tonus or in the ligor of contraction of the muscles on opposite sides 
of the body is at once e\'idenced by a deflection in the path of advance. 
Small differences in contraction are summated in continued locomo- 
tion. The measurement of deflections in the path of travel is, there- 
fore, a convenient and accurate method of dealing quantitativelj'’ 
with die actiNUties of locomotor muscles. 

Unbalanced muscular reactions as indicated by a curved path of 
locomotion have been obser\'ed to follow unilateral blinding in both 
positively and negatively phototropic animals. The earlier obser\'a- 
tions were qualitative only, more recently the reactions have been 
quantitatively handled. In all the cases the e\idence is in accord 
with Loeb’s muscle tension theoiy of orientation, positively photo- 
tropic forms mo\-ing in cur\-es with their uninjured side inward, and 
negative forms in cun-es with their blackened side inward (4). 

The reaction measurements made in terms of angular deflection on 
partiallj’ blinded wliip-tail scorpions fall entirely in line with-obser%*a- 
tions on other animals. But because the scorpion has three pairs of 
photoreceptors, each of which can be eliminated separately, the series 
of measurements which can be made on it is peculiarly extensive and 
interesting. It is possible to eliminate on one side of the bodj* the 
median eye, the lateral eye, or the cutaneous sensitive areas; or any 
two receptors; or all three receptors. By making eliminations on both 


sides of the body, the series of cases may be still further extended. 
In these e.vperimcnts measurements were made, under bilaterally 
balancc<l illumination, on ammals in ten different conditions of asMn- 
metr} . The results are collected in Table HI. The graphical sum- 
mar>- (Fig. 5) shows clearly tlie unerring consistency with which all 
the animals were deflected toward their less sensitive side. All the 
dcllcctions are to be regarded as haM'ng the same significance as cir- 
cus movements. In most of the deflections tlie radius of the cur\'ed 



454 ' 


PHOTOREACTIONS OF W’HIP-TAIL SCORPIONS 


path followed by the animals is greater than the radius of the observa- 
tion circle of the apparatus. ^\Tien the induced asymmetr}' is ex- 
treme, typical circus movements of small radius result. The point of 
emergence of the trails of larger radius on the standard obser\’'ation 
circle, gives an index of the cur\"ature of the arc of locomotion in 
quantitative terms which are comparable with the other reaction meas- 
urements. The constant cur\nng of the path of locomotion in ani- 
mals which are asymmetrically sensitive stands in sharp contrast to 
the locomotion of normal animals under bilaterally unequal illumina- 
tion. In the latter case the path of locomotion is straight once the 
direction of crawling becomes such tliat the inequality in illumination 
in the fieliis equalized in its effectiveness on the photosensitive areas 
of the animal by greater exposure of, the sensitive areas on the side of 
less intense illumination, and lesser exposure of the sensitive areas on 
the side of more intense illumination (5). Asj'mmetrically sensitive 
animals under vertical illumination continue in a curving path 
of locomotion because it is impossible through changes in axial posi- 
tion to equalize bilaterally the effective illumination. Under equal 
and opposed horizontal illumination slight bilateral inequalities in 
sensitiveness may be compensated for by the assumption of an axial 
position inclined toward the less intense light. Wien the as^-mmetry 
of sensitiveness is made extreme the effective illumination cannot thus 
be brought into bilateral equilibrium and the cur\'ed path of locomo- 
tion is continued. 

A feature deserving further comment is the waj’’ in which tlie am- 
plitude of the deflections increases as the degree of asymmetiy in 
sensitiveness is increased. The cumulative effect produced by black- 
ening more than one receptor on the same side of the head is o'b\nous 
from the figures. Less apparent but equally significant is the fact 
that the unbalance in reaction is greater when all the receptors except 
a given one are eliminated, than when the same receptor is the only 
one covered. For example, the deflection induced when the median 
eye on one side is capped averages 15.6°; when both lateral eyes, the 
cutaneous sensitive areas on both sides, and the median eye on one 
side are blackened (leaving fimctional only one median eye), the de- 
flection averages 27.1° (see Table III). The imbalanced factor in each 
experiment is a median eye, but when the median eye alone is elim- 
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mated the balance of the receptive mechanism ^ a whole is less dis- 
turbed than when the median eye on one side is the only functional 
receptor. 

It is not pertinent here to enter into a detailed comparison of these 
results on the scorpion with the experiments of Garrey (6) on the 
positively phototropic robber fly, but the complete agreement of the 
two series of obsen,'ations made by different methods, on animals 
ha^'ing opposite signs of phototropism, is too striking to pass without 
comment. 

Further e\ddence that balanced reactions depend on the functional 
sjTnmetry of the receptive mechanism is furnished by the measure- 
ments made on animals in which the photoreceptors had been sym- 
metrically interfered with. As in the case of asjTnmetrically sensitive 
scorpions, the symmetrically blinded animals were brought into the 
field of equal opposed lights “in orientation” (t.e., with their plane of 
sj-mmetr)' perpendicular to the line connecting the sources of light). 
No matter what eliminations were made, so long as the photoreceptive 
mechanism was left in a fimctionally sjrmmetrical condition it suf- 
ficed to maintain* a balanced response which was accurate within the 
limits of variability exhibited by normal animals imder the same con- 
ditions of illumination (Table W and Fig. 4). 

Obscr\-ations already published by many different investigators 
have covered nearly ever%' phase of the correlation existing between 
bilaterally balanced e.xcitation of photoreceptors and balanced loco- 
motor responses. A constantly increasing accumulation of experi- 
mental evidence indicates that the attaining and maintaining of ori- 
entation to light depends, as postulated in Loeb’s muscle tension 
theory, on the transmission to the muscles of locomotion of impukes 
which are proportional bilaterally to the excitation of sjunmetrically 
located photoreceptors. 

1 he results of the experiments described above indicate that the 
muscle tension theoiy- applies to the complex receptive mechanism of 

‘ It has alrMfiy been pointed out that when brought into the field of fight out 
of orientation (as in the c.vpcrimcnts under anterior and lateral illumination) 
s\-mtnctrically blinded animals exhibited a retardation in their rate of coming 
to a iicv.- direction of orientation. 
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the whip-tail scorpion as well as to animals with a kingle pair of re- 
ceptors. The e^^dence may be summarized as follows: 

In normal scorpions bilateral equilibrium in excitation results in- 
variably in bilaterally balanced muscular responses and a straight 
path of locomotion. 

t^dien the receptive mechanism is reduced but left functionally 
symmetrical, the locomotor responses remain balanced. Animals in 
five different symmetrical conditions of reduced sensitiveness showed 
no unbalance in reaction although the rate of attaining orientation 
was reduced in proportion to the extent of the interference with the 
photoreceptive mechanism. 

t^Tien the receptive S5’^stem is subjected to eliminations which leave 
it in an asymmetrical condition, unbalanced locomotor responses in- 
variably follow, resulting in a curved path of locomotion with the less 
sensitive side of the animal on tlie inside of the cun^e. In a series 
of ten different conditions of asymmetrical sensitiveness the degree of 
unbalance in locomotion was proportional to the extent of asymmetry 
which had been produced in the receptive apparatus. 

In their effect on orientation, the tliree pairs of receptors are com- 
pletely coordinated, the excitation of the organs on the same side of-, 
the head being summated in transmission to the assodated musdes 
of locomotion. 

Balanced muscular reactions ndth a persistently straight path of 
locomotion depend on bringing the exdtation of the receptive mech- 
anism functional at tlie time into bilateral equilibrium. 


smniARY. 

/ 

The experiments dealt -with in this paper were devised to ascertain 
(1) the relative effectiveness as photoreceptors of the wliip-tail scor- 
pion’s median eyes, lateral ej^e groups, and cutaneous sensitive areas, 
and (2) the effect on orientation produced by synunetrical and by 
asjTnmetrical interference with the photoreceptive mechanism. 

Each of the' receptors was eliminated unilaterally and bilaterally, 
singly and in combinations with otlier receptors. In all, sixteen dif- 
ferent' abnormal conditions of the photoreceptive apparatus were 
produced. 
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The reactions of animals thus partially blinded rvere measured in 
terms of angular deflection from an initial path of locomotion. Meas- 
urements obtained under anterior, lateral, and bilaterall}’- balanced 
illumination were compared with measurements made on normal ani- 
mals under the same conditions of illumination. The change from the 
normal reaction induced by covering a photoreceptor was taken as an 
index of the effectiveness of the receptor prevented from functioning. 

By comparing the values of the changes from normal reactions pro- 
duced by the elimination of the several receptors, their relative effec- 
tiveness is appro.ximated as median eyes : lateral eyes : cutaneous 
sensitive areas : : 1 : 1 . 6 : 2 . 2. 

All animals in which the receptive mechanism was rendered func- 
tionally as}Tnmetrical exhibited, when subjected to bilaterally bal- 
anced illumination, deflections toward the side which had been made 
less sensitive. In a series of measurements made on animals in ten 
different conditions of as}Tnmetr>' the amplitudes of the deflections 
were proportional to the degree of unbalance which had been produced 
in the photosensitive mechanism. 

Animals in which the receptive meclianism was reduced but left in a 
sjTnmetrical condition maintained an undisturbed balance of reac- 
tion when subjected to equal, opposed lights. Under lateral or an- 
terior illumination the rate of attaining a new direction of orientation 
was reduced in proportion to the extent of the interference with the 
receptive mechanism. 

The reactions of s}-mmctrically and asj-mmetrically blinded scor- 
pions indicate that orientation is attained and maintained by a trans- 
mission of impulses to the muscles of locomotion which is proportional 
bilaterally to the excitation of the sjanmetrically located photo- 
receptors. 

In their effect on orientation Uic tliree pairs of receptors are com- 
pletely coordinated. Orientation depends upon bringing the excita- 
tion of the receptive mechanism as a whole into bilateral equilibrium. 
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The problem of the acid-base equilibrium in systems containing pro- 
tein substances and electrolj-tes has often been obscured by super- 
ficial interpretations of experimental results and, in recent investiga- 
tions, by undue emphasis upon the colloidal aspects of the phenomena. 
Nevertheless, it has always remained certain that proteins, as am- 
photeric substances, must under all circumstances, except when pure 
at the isoelectric point, combine chemically with acids or bases. 
Moreover, the simple relationships involved in such equilibria are the 
most important factors in determining the properties of the systems. 
This conception of the beha\'ior of protein systems has recently been 
reaffirmed and amplified by Sorensen and his associates,’ and by Loeb.- 
The studies which are reported in the present paper point in this 
same direction. Our experiments have been made with gluten, in 
some respects not the most favorable material for investigation, be- 
cause it contains two distinct proteins, because it has not been highly 
purified from electrolytes, and because it possesses marked colloidal 
properties. In spite of these obstacles, which must therefore be less 
important than they seem, the results indicate a simple chemical 
interpretation of the phenomena, 

Tliis research was undertaken under the pressure of war time prac- 
tical interests, for die purpose of e.xplaining the technolog}- of bread 


* Lieutenant, Sanitary Corps, U. S. Army. 

’ SOrensen and others, Cempt. rend. irev. Lab. Ccrlsberg, 1917, xii. 

’ Ix)eh, J., J. Bid. Cher:.. 1917, xx.\i, 343; 19IS, xxxiii, 531 ; 191S, xsxiv, 77, 395, 
4S9; 191S, xxxa-, 497; /. Ccr.. Pliysicl., 1918-19, i. 39. 
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making. Accordingly the measurements, have in some respects not 
been pushed to the highest possible accuracy, nor has everj’- part of 
the question been carefully sur\'e3-ed. 

I. 

Tlie first part of the work consisted of measurements, with the con- 
centration cell, of the hydrogen ion concentration of solutions which 
had been in contact with powdered gluten. 

The data in Table I show that, as a first approximation, the hydro- 
gen ion concentration in such s3’stems is determined by the ratio of 
gluten to acid, or gluten to base. In the acid systems this is quite 
clear; in the alkaline systems, where un kn own difficulties have inter- 
fered with the accuracy of the measurements, it is perhaps somewhat 
less apparent. But, in view of the fact that under the circumstances 
equilibrium can hardl3’^ be perfectly attained, and on account of the 
numerous other difficulties which are inherent, in work of this kind, 
the effidence seems satisfactory. 

Tliis result accords r\dth the work of Sorensen. But the S3"stem that 
we have studied contains large amounts of protein in a discrete phase, 
and frequentl3'- also large amoimts dispersed throughout the aqueous 
solution, and therefore possesses a A'er3' liigh degree of complexity. 
It is on tliis account especiall3^ important that the simple relationship 
still holds good. Unpublished measurements upon purified glutenin 
and gliadin furtlier confirm tliis obsen^ation. Therefore we venture 
to draw tlie conclusion tliat in s3’^stems containing gluten and adds or 
bases the formation of salts, in accordance with the requirements' of 
the mass law, is the fundamental phenomenon; Here, as in all cases 
where a weak add or base in excess is in equilibrium ■svith a strong base 
or add, the li3ffirogen ion concentration is dependent upon the ratio 
of acid to salt or of salt to base, as the case ma3’ be. Tliis relation- 
ship is of course only approximate, less true in the neighborhood of 
the isoelectric point. Compared ivith the case of simple substances, 
it is modified in a definite and characteristic manner by tlie polybasic 
and potyacid diaracter of the amphoteric protein. It is not, however, 
seriousty modified by the heterogenity of the S 3 'stem or by the col- 
loidal character of the protein. This subject •null be discussed theo- 
reticalty in a later paper. 




462 


ACTION OF ACID AND ALKALI ON GLUTEN 


In Table II, which takes account only of the add systems, because of 
the greater consistency of the measurements, the concentration of free 
hydrochloric add is calculated from the measurements of hydrogen ion 
concentration; that part of the conductivity due to hydrochloric acid 
is next calculated, and this is then subtracted from the obser\’’ed con- 


TABLE n. 


Gluten in 
100 cc. 
solution. 

HCl 

original 

concen- 

tration. 

pH 

4* 

(H) 

Combined 

HCl. 

Condu^ 

tivity. 

Conduc- 
tivity 
of free 
HCK 

Salt 

conduc 

tivity. 

Cor- 
rected 
- salt 
conduc 
tivity. 

R 

X 

gm. 

K 


N 







IMH 

1.0 

0.01 

2.23 

0.0059 

0.0041 

2,851 


401 

353 


150 


tKIll « 

2.68 

0.00209 

0.00291 

1,142 

870 

272 

224 


75 



2.78 

0.000166 

0.00184 

255 

69 

186 

138 

75 

45 


0.001 

4.43 

0.000037 

0.000965 

132 

15.4 

116.£ 

68 

71 

20 


iHjijijn 

4.93 

0.0000118 

0.000490 

89 

4.9 

84.1 

36 

(73) 

10 



5.64 



48.5 






2.0 

0.01 

2.46 


0.00653 

2,133 


653 



240 





0.00452 

605 

199 




90 





0.00197 

234 

12.6 

221.4 

133 

67 

35 


0.001 

4.98 


0.000991 

132 

4.35 

127.6 

39 

(39) 




PHI 


0.000497 

137 

2.24 

134.8 

46 

(93) 




5.69 



88.5 






4.0 

0.01 

3.12 


0.00924 

1,113 

316 

797 

649 

Ell 

200 





0.00493 

491 

28.6 

462.4 

314 

64 

70 





0.00199 

276 

4.15 

271.8 

123 

62 

25 


3SI 


iViliMifil t 


m*im\ 

1.91 

268.1 

120 




0.0005 

5.43 

iVlIlllllIlK r, 

BtSiSSi 

219 

1.54 

217.5 

69 

(138) 



0.0000 

5.73 



148.5 






8.0 

0.002 

5.34 


0.001997 

391 

19.1 

389.1 

109 

55 

10 


0.001 

5.55 

'n'lVmr 

0.000999 

306 

11.6 

304.8 

25 

(25) 



0.0005 

5.64 


0.0004997 

278 

09.6 

277.0 

—3 




0.0000 

5.69 

' 


2S0 





___ 


ductivity. The remainder, given in Table II as ''salt conductidty, 
represents the effect of all otlier ions than those which may be hjpo- 
theticallv attributed to free hydrochloric acid. From this remainder 
the conductmty of the system in the absence of h}’'drochloric add is 
subtracted and the result is called “corrected salt conductidty. 
It represents the effect of the action of the acid, chemically or other- 
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in any other way proportional to the quantity of combined acid. This 
value may then be subtracted from the corrected salt conductiidfy, 
thus giving as a final result that increment of the increase of conduc- 
tivity which is not proportional to simple chemical action and which 
measures either the inaccuracies of the assumptions and approxima- 
tions or' the changes in the systems which are not due to phenomena 
already considered. The results of this calculation are given under 
X in Table n. 

That part of the increase in conducti'vitj" which is proportional to 
protein salt formation may be supposed to result from the direct 
liberation of electrolytes by the union of the acid with the protein plus 
at least a moiety of the ionization of dissolved protein chloride. 

The most obinous effects which have been neglected are the in- 
creasing rate of change of solubility of protein with increasing acidity 
and a corresponding change in the gluten mass, which involves the 
liberation of electrolytes. Both these factors ought to produce such 
a change in conductivity as is revealed by the data. For the protein 
which dissolves, whether chloride or not, will cany ions vith it into 
the solution, and the disintegration of the gluten will favor the escape 
of electrolytes which might not othen\dse find an open path into the 
aqueous phase. 

It is therefore apparent that the simplest possible chemical phenom- 
ena, which are certainly all involved in the equilibria of the system, 
are quantitatively sufficient, within the range of accuracy of the meas- 
urements, to explain all the data. In short, the theoretical assump- 
tions wffiich are necessary upon purely chemical grounds are, within 
a very close approximation, also sufficient to account for the 
phenomena. 

m. 

In order to proceed a step further in the investigation, it is neces- 
sary^ to study the relation between electrolytes in the solution and in 
the gluten phase. The following experiment bears upon this point. 

A series of systems, consisting of different quantities of powdered glu- 
ten and 100 cc. of distilled w'ater of specific conducti^^ty 9.6, was al- 
lowed to stand at a temperature of 22°C., and from time to time the 
conducti^nty was measured. The results are included in Table TV. 
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TABLE IV. 



Conductivity efter 

100 cc, trater. 

Ihr. 

2 hrs. 

3 brs. 

4 hrs. 

S his. 

6brs- 

27hrs. 

tm. 

0 



172. 



192. 

274. 

4 



137. 



157. 

178. 

2 

62.8 

70.9 

SS.4 

93.5 

101. 

104. 

138. 

1 



58.9 



63.4 

72.8 

0.5 


35.7 

1 


42.6 

40.7 


0.25 

2S.3 

30.3 

33.7 

39.1 

41.5 

41.5 


0.123 


27.4 



31.6 

28.3 



]!klaking allowance for the conductivity of the water, and reducing 
the measurements to the effect per gm. of protein, this experiment 
jnelds the results of Table V, which indicate that the amount of elec- 


TABLE V. 


Gluten in 

Rchtive solution of ciectiolyles per pn. of gluten after 

100 cc. Kiter. 

1 hr. 1 

2 hrs. 

3 hrs. 

4 bn. 

5 hn. 

6 hrs. 

27 hrs. 


■i' 







8 







53 

4 1 

mm 


32 




42 

2 


31 

39 

42 

46 

47 

64 

1 

mm 


49 



54 

63 

0.5 





66 

62 


0 25 




118 

128 

128 


0.123 

m 

142 



176 

ISO 



trolytcs contained in 1 gm. of the gluten preparation is approximately 
sufficient to give a specific conducti\-it 3 ' at 25°C. of 200 to 100 cc. 
of water. Tliis rough estimate accords satisfactorilj' nith determina- 
tions of die ash of tire gluten: 


fcTcenl 


I 



go 
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These experiments illustrate the importance of the relation between 
quantit}’- of protein and volume of solution in such systems, even when 
gluten is added to distilled water. WTien the variation of solubility 
and hydration of proteins under the influence of electrolytes are also 

TABLE VI. 


Cahidalion of Conductivity of lotis Combined with 1 Gm. of Gluten at Different 
Hydrogen Ion Concentrations. 


Vgluten J 

Weight of glotea. 

I gm. 

2 gm. 

4 gm. 

S gm. 


10 

1,465 




5 

1,123 

1,191 



2.5 


930 

951 


2.0 

775 




l.S 



594 


1.0 

483 

498 



0.5 

346 

341 

339 


0.25 


235 

236 

255 

0.125 



197 

214 

0.0625 




166 

0 

155. 5 

157.7 

164.8 

165.5 

^/NaOm 

\gluteny 





0.031 




172 

0.062 



171 

188 

0.125 


ISO 

179 

[ 186 

0.25 

ISl 

194 

198 

203 

. 0.5 

225 

227 

231 

239 

1.0 

277 

296 

308 


2.0 


413 



2.5 


. 

591 


4.0 

509 





taken into account, it may be clearly seen how illusory are all conclu- 
sions which leave such factors out of consideration. At the same 
time, there is every indication in the regularity of the data that the 
final condition of equilibrium is a simple one. But this condition is 
slowty attained, and by a somewhat de^’ious path. 

The immediate conclusion to be drawn from these measurements 
is that the electrotytes originally present in the gluten are sufiicient, 
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TABLE VU. 


Measurements on Gluten {5.6 Gm) in Equilibrium with Solutions of HCl and NaOH 

at Different Reactions. 


pH 

R 

Gluten per 100 cc. solution. 


1 gm. 

1 Zgin. 

1 4 Sm.' 

I Sgm. • 

■ 

/HCIX 

Vgluten/ 

Weight of swollen gluten (A). 



Xm, 

gm. 


I sm. 

5.3 

0.25 


11.5 



5.5 






5.6 





BSB 

5.7 


12.9 

13.7 

15.3 



/NaOH\ 






Vgluten^ 


* 



5.9 

0.0312 





6.0 

0.0625 


14.2 

15.4 


6.3 

0.125 

14.2 

15.1 

15,7 


6.8 

0.25 

15.1 

15.1 

15.2 


7.5 

0.50 

14.6 

14.8 

15.0 


9.4 

1.00 

13.6 

13.9 

14.3 

BB 


/HCIX 

Vgluten/ 

Weight of dry gluten in 12 gm. of swollen gluten (B). 

5.3 

, 0.25 


3.75 

3.74 

3.22 

5.5 

0.125 



3.90 

3.89 

5.7 

0.0000 




4.0S 


/NaOHV 
Vgluten/ 1 





5.9 

Hssai 




3.79 

6.0 



3.93 

3.93 

3.89 

6.3 


4.04 

3.93 

3.93 

4.01 

6.8 

BBH 

3.99 

4.05 

4.08 

4.00 

7.5 


4,16 

4.18 

4.05 . 


9.4 

1.00 


4.12 




/HCIV 

Vgluten/ 

-Amount of gluten dissolved ^5.6— 

A-BV 

12 /• 

5.3 

0.25 


2.01 

2.14 

2. OS 

5.5 

0.125 



1.41 

0.96 

5.7 

0.000 




0.67 


/NaOHV 

Vgluten/ 





5.9 

0.0312 




0.62 

6.0 

0.0625 


0.95 

0.56 

0.41 

6.3 

0.125 

0.82 

0.65 

0.46 

0.39 

6.8 

0.25 


0.50 

0.43 

0.47 

7.5 

0.50 

0.54 

0.44 

0.54 


9.4 

1.00 


0.83 
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TABLE Vrt — Condudcd. 


pH 

R 

Gluten per 100 cc. solution. 

Igm. j 

2Em. j 

4gni. 1 

[ Skid. 


/HQX 

Xgluten/ 

/12\ 

Swelling of gluten 1 ~ J, 


■MB' 

ert. 

£n. 

j *«. 


5.3 



3.20 

3.20 

3.72 

5.5 




! 3.08 

3. OS 

5.7 

0.000 



1 

2.94 


/NaOHX 



1 



V gluten 7 


1 



5.9 

0.0312 




3.17 

6.0 

0.0623 


3.05 

3.03 

3.08 

6.3 

0.125 

2.97 

3.03 

3.05 

2.99 

6.8 

0.25 

3.01 

2.96 

2.94 

3.00 ■ 

i .0 

0.50 

2.S8 

2.87 

2.96 


9.4 

1.00 


2.92 .! 




V. 


Finally, vre have measured the N-iscosit}^ of swollen gluten with the 
help of the \dscosiineter preAuously described. In ever>' case 12 gm. 
of the swollen gluten were introduced into the apparatus.* The re- 
sults of these measurements are included in Table \nrTT 
It should be understood that these measurements are of ver^^ mod- 
erate accuracy which, nevertheless, is sufficient for the present pur- 
pose. E\ idently there is a well marked minimum of 'viscosity near a 
hydrogen ion concentration corresponding to pH 5.7. This minimum, 
as will be shown in a later paper, while due chiefly to the hydrogen 
ion concentration, is in a secondary^ manner influenced by the amount 
of electrolyte present in tlie system, and varies with this factor as well 
as wiUi the acidity. The electrolyte concentration determines the 
great variation in \-iscosity measurements in the svstems where the pro 
tern IS suspended in dbtilled water. It ndll be shorni in a later paper 
that the value of 3.0 for the system containing S gm. of gluten is 
mo.vt nearly comparable with the other data of the table. 


• Henderson, L. J., Fcnn, \V. 0., and Cohn, E. J., 3S7 
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The measurements on smaller quantities of gluten in distilled water 
are accordingly disregarded. Averaging all the other values of Table 
VIII, which appear to be fmrly comparable, the last column is ob- 
tained. This column represents more truly than .the indi\ndual data 
the effect of variation of hydrogen ion concentration upon %nscosity. 
It is graphically represented in Fig. 1. 

The marked minimum in the %'iscosity of the gluten seems not to 
be dependent upon a single propert 3 L For it does not coincide with 


TABLE vm. 



the isoelectric point — according to Wood and Hardy^ probably be- 
tween 10“’ N and 10-® n— and it does not correspond with the true 
swelling, or hj^dration. It is, moreover, as the observations in the 
presence of distilled water show, greatly influenced by the concentra- 
tion of electrolytes. This last point will be fully established in a later 
paper. Finallj’’, it appears to be largely variable with time, so that a 
process of “setting” may be suspected. 

< Wood, T. B., and Hardy, W. B., Froc. Roy. Soc. London, Scries B, 1909, 
k.’cxi, 39. 
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In short, the viseosit)- of gluten seems to depend upon the hydrogen 
ion concentration, upon the amount of -water and of electrol}i;es pres- 
ent in the swollen mass, and at times upon the age of the system. 
These are, however, the factors whose importance was to have been 
e.vpected. A more complete interpretation of their mode of action 
is at present impossible. But the well marked m inimum of \'iscosity 
in an acid range of reaction is plain, and, as we hope to show, of de- 
cisive practical importance in bread making. 



Fig. 1. 


, suira.ARY. , 

In this paper tlierc arc reported studies of the acid-base equilibrium 
in s\-stcms containing gluten suspended in solution of hydrochloric 
acid and sodium hydroxide. The studies have involved measure- 
ments of the hydrogen ion concentration, of the electrical conductiWty 
and ot the solution of the proteins. Further, measurements have 
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been made of the swelling and of the viscosity of the gluten component 
of such .systems. 

The results seem to show that simple chemical phenomena are most 
important in such systems, and that the modifications of these, result- 
ing from colloidal and heterogeneous characteristics, are of secondary 
importance in determining the condition of equilibrium, though some- 
what more significant in the progress of the system toward the condi- 
tion of equilibrium. 

We ■wash to express our thanks to the Carnegie Institution of Wash- 
ington and to the Director of the Wolcott Gibbs Memorial Laboratory 
for the use of much indispensable apparatus. 
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. ^ Ev a number of workers that the active 
It has been demonstrated y ^.^ysation of amphibian meta- 

prindple of the thyroid gland proof 
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bringing about metamoqjhosis. If, however, a thyroid gland is 
present, all or most iodine taken up bj"^ the organism is retained and 
stored up in the thyroid. At a certain time during the life of the 
larva the thyroid suddenly begins to excrete the iodine stored up 
during the larv'^al period, and metamorphosis results. 

From tliis it is ewdent that under normal conditions the iodine is 
not the only substance needed in metamorphosis; there must be still 
another substance which, when present in a certain quantity, causes 
tire thyroid to excrete the thyroid hormone. The experiments to be 
reported in this article not only furnish e\ddence of the actual exist- 
ence of such an excretor substance, but they also demonstrate that 
it is evolved during the processes which lead to the growth of- the 
organism. 

Metamorphosis and Rate of Growth in Worm-Fed Lance. 

In eleven series of larvaj of the species Ambystoma opacum the rate 
of growtii during the lar^’^al period of active growth has been deter- 
mined in the following way. 

In each series the time of metamorphosis was recorded for each 
single individual; this can be done very accurately in this species if the 
first shedding of the skin and the reduction of the gills to mere stumps 
without fringes are taken as the indication of metamorphosis, botli 
, phenomena occurring within a day. That these two processes are 
actually controlled by the influence of the thyroid, in contradistinc- 
tion to many other processes, has been indicated alread)’’ in former 
articles’ and ■will be shown in detail in a later publication. From 
the values obtained in this way the average length of time of the 
larval period was calculated for each series (Table I). 

Each indi\ddual was measured once a week and the average sizes 
obtained from those values for each series were plotted in cur\’-es. At 
the time of metamorphosis- a sharp drop of the curr*e takes place, 
due to a discontinuation of growth, and even a diminution of the size 
of the animals whidr may last. for one or several weeks before growth 
is resumed. In Series A 1916, the cuin'e of which is shown in Fig. 1, 

’Uhlenhuth, E., J. Exp. ZooL, 1917-18, -x-xiv, 237; 1918, .x.xv, 135; J. Gen. 
Physiol., 1918-19, i, 305. 
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this drop occurred in the 24th -week, though less distinctly than in 
most of the other series. From the average sizes reached in each series 
•when the drop occurred and from the time when the drop took place, 
the rate of growth was calculated in day-millimeters, as indicated iii 
Column 3 of Table I. 

In comparing the length of the lar\’-al period for each series with the 
corresponding rate of growth it becomes evident that the smaller 
the rate of growth obser\'ed, the later metamorphosis took place. 
Furthermore, the rates of growth appear to be proportional to -the 

TABLE I. 


Rale of Grcni'lk {R) in Worm-Fed Ambysloma opaciim during Lanai Period of 
Active Growth [Calculated from Averages). 


Series. 

Age at 

metamorphosis. 

R 

RXA 


rfeyr 

■II 


C 1916 

245 


66 

A 1916 

182 


56 

E 1917 

161 

0.36 

58 

D 1917 

127 

0.48 

61- 

\Vk 1917 

106 

0.58 

62 

1917 

100 

0.58 

58 

Wjfg 1917 

100 

0.58 

58 

W 1917 

97 

0.62 

60 

Wca 1917 

96 

0.62 

60 

C1917 

80 

0.79 

63 

XIV 191S 

70 

0.83 

58 

Average 

60 




velocity of metamorphosis; for the product of the rate of growth into 
the duration of the larval period (R X A) is constant, as may be seen 
from Table I, the average value of R X A being 60. 

This means that during the process of growth a substance is 
evolved which -^vhen present in a definite amount induces metamor- 
phosis, provided that tlie lar^-m have been fed on normal food which 
apparently contains enough iodine to furnish the other substance 
(iodine) required for metamoqihosis in a sufficient quantity; the 
greater the rate of growth the quicker tliat quantit\- of the firsV sub- 
stance is formed which is required to induce the secretoiA- action of 
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the tliyroid gland. Hence besides iodine still another substance is 
needed in the amphibian metamorphosis; namely, the e-xcretor sub- 
stance which causes the thjToid to excrete the stored up iodine. 

It may be mentioned here that the sudden drop of the growth curve 
at the time of metamorphosis may be explained if we assume that the 
thyroid, when it is stimulated by the excretor substance, e.xcretes at 



first an overdose of iodine, while later the excretion becomes less 
energetic. Janney^ has shown that while an overdose of thyroid 
hormone leads to a negative nitrogen balance and a loss in weight and 
size, a certain minimum dose results in a positive nitrogen balance 
and a gain in weight and size. 

< Janney, N. \V., Arch. Ini. Med., 1918, sxii, 187. 
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Mclamorpliosh and- Rate of Growth in Thymus-Fed Larses. 

In a recent publication Janney* bas shown that while a certain 
minimum amount of the th}Toid hormone results in an increased pro- 
tein breakdorsm, it finally leads to a positive nitrogen balance and an 
increase in weight and size, since it not only accelerates the protein 
breakdown but at the same time facilitates the assimilation of the 
nitrogen into the proteins of the body tissues. This is shown also in 
the metamorphosis of the amphibians where the initial breakdown of 
the tissues, as demonstrated, for instance, by Morse^ on tadpoles, 
and the decrease in size, resulting probablj', as suggested above, from 
the excretion of an overdose in the beginning of the functional period 
of the thyroid, are followed soon by an increase in size and weight. 

On the other hand, Janner-’s experiments have shown that in cer- 
tain diseases, such as exophthalmic goiter, the normal synthesis by 
the thjnroid of the thjToid hormone from iodine and certain organic 
substances is disturbed, and on the basis of Swingle’s e.xperiments we 
may assume that in these diseases the thyroid is unable to retain the 
iodine consumed by the organism with the food. This assumption is 
supported by the fact, as mentioned by' Janney', that in exophthalmic 
goiter the thyroid frequently' is found very' poof in iodine. But 
since in this case the excretory function of the thyroid remains undis- 
turbed, the thyroid is excreting, instead of the hormone, certain sub- 
stances, probably the indole-containing amino-add tryptophane 
which normally' is used to build up the hormone, but which in- itself 
is toxic causing a permanent protein breakdown without fadlitating 
assimilation of the food nitrogen; consequently a negative nitrogen 
balance is brought about and a permanent loss of weight. 

If we apply this hypothesis to amphibian metamorphosis, we 
should expect that in such laiA're, which have not been able to take up 
an amount of iodine sufficient for metamorphosis and whose th\roid 
consequently was unable to develop the normal hormone, the action 
of the e.vcretor substance would lead to a prolonged and increased loss 
m size of the laiA-ae, without resulting metamorphosis, since in these 
animals excretion by the thyroid would commence as soon as the 
excretor substance reached the amount required, but the excreted 

^ Morse. \V,, Bi.-L lyu!!., 191S, sxxiv, l-!9. 
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substance would be the toxic substance tryptophane instead of the 
normal hormone. 

This expectation is actually fulfilled in the th}Tnus-fed larvae of 
Avibystoma opacum, as is shown by Curve B, Fig. 1. In this 
curve is represented the growth of a series of lan^jE of the same age 
and from the same mother as the lan^ae used for the experiment plotted 
in Curs-e A ; both series were kept under the same conditions, but while 
Series A was fed on earthworms, Series B was fed on thjTnus. The 
thjTnus-fed larvae grew normally in the beginning— and in this par- 
ticular series even more quickly than the controls, a fact explained 
by the writer in a previous paper.® At the 13th week we observe a 
sharp drop in Curve B and hereafter growth was stopped and -never 
resumed again. Exactly the same results were obtained for the 
thymus-fed larvae of Ambystvma maculalinn and Avibystoma Hgrtnum. 

The time when the drop of the curv'e takes place in the thjmius-fed 
animals is that at w^hich metamorphosis should have occurred if 
they had received normal food. This was not only suggested by 
the general appearance of these larvae and by the fact that a few 
larvffi actually did metamorphose (in Series B’ 1916 only one 
larva metamorphosed at this time), but it can be proved if we 
calculate the time of metamorphosis from the value of the 
product R X A for the Avorm-fed larv'ae. This has been done 
in Table 11 for eight thjmus-fed series of Avibystoma opacum. 
Again the product R X A was calculated from the duration 
of the larval period and the rate of growth, the latter value being 
obtained as in the worm-fed larvas from the growth cur\’’e up 
to the point where the drop occurred. First we notice that -the 
product R X A (Table II) in the first three series is far above the 
average value of R X A as obtained for the worm-fed series. 
This is due to the fact that the Iar\'aj of these series did not meta- 
morphose at a time proportional to their rate of growth but much 
later, due to the absence of iodine at this time. The time at which 
they should have metamorphosed if iodine had been present in the 
food in a normal amount, can be calculated, however, from the pro- 
duct R X A in the worm-fed series, which is 60, and 'the rate of 

® Uhlenhuth, E., Proc. Soc. Exp. Biol, and Med., 1917-18, xv, 37. 
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growth in each particular th)Tnus-fed series. We find, then, that in 
the first three series metamorphosis was greatl}' retarded (Column 5, 
Table 11). In Series D 1916 metamorphosis should have taken place 
at 162 dai's instead of at 207 days, in Series B 1916 at 109 days in- 
stead of at 133 days, and in Series Tci 1917 at 113 days instead of at 
122 daj'^s. In the other series the retardation of metamorphosis, if 
there was any at all, was only slight; how far this was due to the 
special treatment these thymus-fed animals received wiU not be dis- 
cussed here. It may be mentioned, however, that in the last series 
(T 1917) the retardation of metamorphosis was prevented probably 

TABLE n. 


Rale of Grcrd'th (J?) in Thymus-Fed Amhystoma opacum during Larval Period of 
Aclive Grcru-th {Calculated from Averages). 


Serie. 

Age at 

metamorphosis. 

R 

RX A 

A^c at "wHcb 
animal shoold 
metamorphose. 


days 



days 

D 1916 

207 

0.37 

77 

162 

B 1916 

133 

0.55 

73 

1 109 

Tca 1917 

122 

0.53 

65 

1 

B 1917 

122 

0.50 

61 

Hill 

Tn» 1917 

122 

0.50 

61 


Tjig 1917 

109 

0.58 

63 


Tk 1917 

104 

0.57 

59 


T1917 


0.60 

61 

100 

Average 

65 





by adding parathyroid to the thjTnus diet; since the parathyroids 
are known to contain small amounts of iodine, it is probable that the 
thyroid of these larea: was apparently able to store up enough iodine 
to permit normal tlryroid excretion and metamorphosis when the 
cxcrctor substance began to act. 

The number of days at which the second thj-mus-fed series (B 
1916) should have metamorphosed, i.c, at which the e.xcretor substance 
began to act, is 109. This approaches very closely the time when the 
drop of the curve occurred (95 days), if we consider that the value 109 
was calculated only from an average value of R X A. 
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If prevention of metamorphosis by the absence of iodine, but in the 
presence of a thyroid gland, is accompanied by a, check in growth 
(for the reasons given above), we should expect that- prevention of 
metamorphosis in the absence of a thyroid gland would not be accom- 
panied by an abnormal check of growth. Hence amphibian larvas 
deprived of their thyroids should be able to complete the normal 
growth of the species without any disturbances. That this is actu- 
ally the case is shown in Allen’s tadpoles which were deprived arti- 
ficially of their thyroid glands and which reached frequently enormous 
sizes, becoming real giant larvae. A similar phenomenon is found in 
such forms as Typhlotmlgc ralltbuni, which for some reason do not 
develop a thyroid gland — as discovered by Emerson" — and hence 
remain permanently in a larval condition, but which seem able to 
grow for years without disturbances. 

Thus the experiments reported in this article seem to prove that 
metamorphosis of the normal larvas of Ambysloiita opactim which 
possess a thyroid depends not only upon the presence of a sufficient 
amount of iodine in this gland but also on the presence of the action 
of a second substance inducing the excretion of the iodine by the 
thyroid gland. By means of this hypothesis we are able to e.xplain 
why thymus-fed larvae suddenly stop growing at the time when meta-, 
morphosis should occur, mthout, however, metamorphosing, and 
why species not possessing thyroid glands, such as the TypJilomolge, 
can complete their growth without disturbance. 

Metamorphosis and Temperature. 

There is- stiU another phenomenon which lends itself readily to 
explanation on the basis of the assumption of an excretor substance. 
It is a well known fact that growth is retarded at low temperature, 
and since we have seen that the excretor substance is evolved during 
growth, it is not surprising that metamorphosis also should be re- 
tarded at low temperature. This has long been observed by' many 
students of amphibian metamorphosis. But what remains rmex- 
plained is the fact that amphibian laiA'cC when kept in low tem- 
perature are always much larger at the time of metamorphosis than 

‘ Emerson, E. T., Proc. Boston Soc. Nat. Hist., 1905, x-xxii, 43. 
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they would be if kept at high temperature. We have observed this 
phenomenon frequently and in looking for an explanation have tried 
to find a relation between the size of the larrae and the age at the 
time of metamorphosis, similar to that existing between the latter 
quantity and the rate of growth. Such a relation, however, does 
not exist. 

But if we assume the action of an excretor substance in metamor- 
phosis, the phenomenon in question can be readily explained. Com- 
paring R X A for the first worm-fed series (C 1916) in Table I, 
which was kept at a temperature of 10°C. below that of the other 
series, with the rest of the series of Table I, we obser\m that it is 
very high (10 per cent) above the average, which would indicate that 
metamorphosis in this series was more retarded than the correspond- 
ing rate of growth would demand. Since in this series a drop of the 
growth curv’e similar to the drop of the growth curve of the th 3 mius- 
fed animals did not occur, this case of undue retardation of metamor- 
phosis cannot be explained in the same way as in the thjanus-fed larv'ae, 
i.c. by asuming that from a lack of iodine in the thyroid gland a de- 
structive compound was excreted by the thjToid. The only way to 
explain this case of retardation is to assume that at low temperature 
less excretor substance is evolved than at high temperature during 
an equal rate of growth processes. That this should be possible is 
not at all surprising, but was to be expected since it is well known 
that the temperature coefficients for different physiological processes 
may differ greatly. Loeb, for instance, pointed out that not only the 
temperature coefficients but also their variations at the lower and 
upper temperature scale differ considerably in different physiological 
proccsses.- 

But if the amount of excretor substance produced by an equal rate 
of growth is less at low temperature than at high temperature, the 
animals kept at low temperature must grow longer at an equal rate 
than those kept at high temperature before that amount of excretor 
substance is produced which is required to bring about thyroid ex- 
cretion. Consequently the low temperature Ian.-® must reach a larger 
size than the high temperature laivaj, before they can metamorpho° e. 

* Locb, J., Mechanistic conception of life, Chicago, 1912, 212. 
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The same phenomenon was observed also in the thymus-fed larvae 
(Series D 1916, Table II) and since here the lack of iodine and that 
of the excretor substance are combined, it is not surprising that 
the value for R X A is still higher (28 per cent) above the aver- 
age than in the low temperature series of the worm-fed larvae (Series 
C 1916, Table I). ' 

Thus with the hypothesis of an excretor substance we can explain 
a phenomenon w'hich for a long time w'as confusing to experimental 
■ biologists as well as to systematists. 

SUMMARY. 

1. Two substances are involved in amphibian metamorphosis as 

studied in Ambystoma opacum: first, iodine, which is taken up by the 
food, and second, an excretor substance, which is evolved during the 
processes of growth and serves to induce the excretory function of the 
thyroid gland. ■ 

2. This explains why in larvse, whose metamorphosis is inhibited 
by lack of iodine, growth is checked at the time when inetamorphosis 
should occur; for at this time the excretor substance commences to 
act and this results, if iodine is absent, in the excretion by the thy- 
roid of toxic substances which cause the breakdown of proteins and 
consequently a decrease in size of the larvae. 

3. Larvae whose metamorphosis is inhibited by extirpation of the 
thyroid or by the hereditary lack of a thyroid (as is the case in Ty- 
pMo)nolge) can grow normally, since in them the action of the excretor 
substance cannot result in the excretion by the thyroid of a toxic 
growth-inhibiting substance. 

4. At low temperature less excretor substance is produced than at 
high temperature during an equal rate of growth; therefore larv'ae kept 
at low temperature reach a larger size than larvie kept at liigh tem- 
perature, before they metamorphose. 

The writer wishes to express his thanks to the Library of the Brook- 
lyn Museum, and especially to Miss S. H. Hutchinson, for courtesies 
extended to him. 
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ing, and a high alcohol number, while the gelatin salts vdth bivalent 
cations have a miich lower osmotic pressure, lower ^dscosity, etc. 
It was also foimd that the addition of a certain amount of a salt ivith 
a bivalent or polyvalent cation depresses the effect of salts’ with 
monovalent cation on osmotic pressure, viscosity, swelling, etc., of 
the gelatin. 

Pauli® and Michaelis^ seem to ascribe the variations in the swelling 
and the viscosity of protein solutions to variations in the degree of 
ionization and to a “hydratation” they assume to be connected with 
the ionization of the protein. According to this view we should have 
to assume that sodiiun gelatinate has a higher osmotic pressure than 
calcium gelatinate of the same concentration, because the former is 
more strongly ionized. In an earlier paper the writer tentatively 
accepted Pauli’s hypothesis, but a closer scrutiny of the literature 
showed that neither Pauli nor Michaelis measured the effect of elec- 
trolytes upon the conductivity of their protein solutions, probably on' 
account of the fact that they did not remove the excess of electrolyte 
after it had acted on the protein. The writer’s method of removing 
the excess of electrolytes after they hav'e had time to react with the 
gelatin made measurements of conductivity possible, and these meas- 
urements in connection with measurements of osmotic pressure and 
of the quantity of metal in combination with the gelatin led to a very 
definite explanation of the influence of the v'alency of ions on the prop- 
erties of gelatin. With the same equivalent of metal in comhination 
laith a given mass of gelatin the maximal osmotic pressure of a 1 per cent 
solution of gelatin salts ivith univalent cation, e.g. Na gelatinate, is al- 
most exactly three tunes as great as that of gelatin salts ivith a bivalent 
metal, e.g. Ca gelatinate, while the conductivities of the solutions of the 
two types of gelatin differ little or not at all. This indicates tliat the 
gelatin salts with univalent metal have at the point of maximal osmotic 
pressure about three times as many particles in solution as the same 
mass of gelatin salts with bivalent metal, while the number of electri- 
cal diarges is about the same in both cases. The identity of the con- 
ductivdties of gelatin salts of the type of sodium gelatinate and calcium 

® Pauli, W., Fortschr. nalunviss. Forschung, 1912, iv, 245. 

* Michaelis, L., Die Wasserstoffionenkonzentration, Berlin, 1914. 
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•wards washing away the excess of alkali. In each case sodium gelatin- 
ate was formed but the amount formed varied -with the concentration 
of the alkali solution used; and the pH varied correspondingly. It 
was of importance to measure the amount of Na or Ca in combina- 
tion with the gelatin, to make sure that we were dealing -with phenom- 
ena of a stoichiometrical character; it -was especially necessary to 
make sure whether or not Na and Ca combine with gelatin in equiva- 
lent proportions. The metal gelatinate used for this purpose was not 
only, washed as indicated, but was also dialyzed over night through 
collodion bags against 400 cc. of distilled water. 

Our former experiments® allow us to measure the amount of metal 
contained in a given mass of gelatin when the pH is knomi. Metal 
gelatinates can only exist on the alkaline side from the isoelectric 
point of gelatin, this point being defined bj”^ a pH = 4.7. The Na or K 
or Ca in combination -Rith the gelatin at each pH can be calculated in 
the following way. We determine the cc. of 0.01 n NaOH required to 
bring 25 cc. of 1 per cent isoelectric gelatin of different pH (lying be-- 
tween 4.7 and 7.0) to the point of neutrality (pH = 7.0). By deduct- 
ing this value from the quantity required to bring 25 cc. of 1 per cent 
gelatin solution from the isoelectric point to pH = 7.0 — ^iv'hich was al- 
wa)rs found to be about 4.5 cc. of 0.01 N NaOH’ — ^we obtain the amount 
of 0.01 N Na or of § Ba or § Ca in combination -with the 25 cc. ofT 
per cent gelatin at any pH between 4.7 and 7.0. When pH is > 
7.0 we ascertain the amount of 0.01 N HCl required to bring the 25 
cc. of gelatin to pH = 7.0, and add this to the value 4.5. In Fig. 1 the'' 
abscissae are the pH, the ordinates the cc. of 0.01 N Na, K, or § Ba 
found in combination ■ndth 25 cc. of gelatin for each pH. - The results 
of three different experiments ■with the three different alkalies named 
are plotted (Fig. 1), showing the degree of agreement of the results. 
The curves are exactly the same whether gelatin has been treated 
with KOH, NaOH, LiOH, Ba(OH) 2 , or Ca(OH):. It is also obwous 
from the curv'es that we are dealing with a simple salt formation of 

® Loeb, J., J. Gen. Physiol, 1918-19, i, 363. 

’ In our preceding paper 'we determined the cc. of 0.01 N NaOH required to 
bring 25 cc. of 1 per cent gelatin from the isoelectric point to the turning point of 
phenolphthalein (pH = 9.0) and found 5.5, which agrees with our present result' 
where we neutralize to pH = 7.0 instead of to 9.0. 
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etc., of a definite concentration, vaiying from m/4 to m/8192 at 15°C. 
During this perfusion the powdered gelatin was sufficient!}’' stirred to 
allow intimate contact between all the gelatin particles and the alkali, 
and then after aU the excess of alkali had been allowed to drain off 
the mass on the filter was washed once with 25 cc. of H:0 at 5° and 



pH 48 5J 54 5.7 60 65 66 69 72 75 78 81 84 
LiOH 


Figs. 2 to 7. Curves for osmotic pressure (in terms of mm. of a 1 per cent gelatin 

solution) and conductivity ( ) of a 1 per cent gelatin solution first rendered 
\_ ohms j 

isoelectric and then treated 'vrith concentrations of an alkali, c.g. NaOH, varj’ing 


from Ji/S to m/ 8192 to cause a varying projiortion of the gelatin to form a metal 
gelatinate. Abscissie represent pH of the solution after dialj’sis; ordinates of 
upper curve, osmotic pressure, and of lower curve, conduclrntj’ of the solution 
found at different pH. Curves for the osmotic pressures for gelatin salts with 
univalent ion, Li, Na, K, and NH 4 (Figs. 2 to 5) are alike and high, reaching a 
maximum of about 325 mm. Curves for the osmotic pressures of salts ■nath bi- 


valent metals, Ca and Ba, are very much lower than those for metal gelatinates 
■nath univalent metal, reaching a maximum of only 125 mm. Curves for conduc- 
tivity are almost identical for, both Utics of gelatin salts. 
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pressure (and the other physical properties) of gelatin are identical, 
if we use the pH as abscissae. This result contradicts the statements 
current in colloid chemistry according to which these four cations have 
a different effect. The colloid chemists who make such statements 
have failed to measure the hydrogen ion concentration of their solu- 
tions. Our experiments show that the effects of the same cation on 



KOH 

Fig. 4. See explanation under Fig. 2 . 


gelatin differ for different pH and hence we cannot be sure that ap- 
parent differences in the effect of two cations on a protein are the ex- 
pression of differences in the structure of the two cations, unless we 
are certain that the pH is the same in both cases. The coUoid chem- 
ists have, moreover, compared the effects of neutral salts of Li, Na, K, 
and NH4, in the presence of an excess of these salts, which introduces 
a second error. ' 
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The constant character of this ratio of the two pressures of 1 : 3 (or 
3:8 for the uncorrected value) for tlie two valencies, but regardless 
of the other qualities of the ions, betrays a stoichiometrical basis for 
the influence of valency. The experiments were repeated to guard 
against error, the results remaining the same. 






JACQUES LOEB 


493 


A glance at the cun-es for conducti\nty shows that those for Na, 
Li, Ba, and Ca are almost identical, while the cur\^e3 for K and NHj 
are a little higher than the others. These experiments were repeated 
and the same values were obtained. Fig. 8 shows that while the 
curves for conductivity of gelatin salts with umvalent and bivalent 
metals (Na and Ba) are almost identical, the cuni'es for the osmotic 
pressure of the two types of salts are very different. 



43 3! 54 57 60 63 66 69 7,2 75 T8 6) £4 £7 90 

oBc(3H;4 •;-'40h 


I jc. S. Shov. inR ib.al v.l'.ilc the curves for conductinty of sodium and barium 
Rchtinatc .arc practically identical, the curves for the osmotic pressures are very’ 
different. 

Tlicrc arc two possible c.xplanations for the fact that the ratio of 
con(lucti\itic.s of the two tj-pcs of salts (Ca gelatinatc and Na gelat- 
inatc) is 1 ; 1 while the ratio of osmotic pressures is 1 : 3. The one e.x- 
planation if that the degree of electrolytic dissodation of Ca gelat- 
inate if so much .‘^m.alkr than that of Na gelatinatc as to produce a 
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ratio of 1 : 3 particles in solution. This would account for the differ- 
ence in the ratio of osmotic pressures but nould leave unexplained 
the identity of conductivity of the two solutions. It would there- 
fore be necessarj'- to make a second assumption; iiamely, that the 
lower wscosity of a 1 per cent Ca gelatinate solution would raise the 
conductivity of a Ca gelatinate solution enough to .compensate for 
the smaller degree of electrolytic dissodatiori. 

In order to account for the ratio of 1 ; 3 in osmotic pressure of the 
solutions 'of the two t 5 pes of salts we have to assume that only about 
20 to 25 per cent of the Ca gelatinate molecules are dissodated, wHle 
the dissodation of the sodium gelatinate is complete (five molecules 
of Ca gelatinate, one of which dissodates, would yield seven p'artides 
while the same amount of gelatin would form ten molecules of sodium 
gelatinate, yielding with complete dissodation twenty partides; this 
would result in a ratio of 7 : 20 for the relative number of partides in 
solution). The four electric charges of the one dissociated Ca gelat- 
inate molecule would have to give the same conductivity as the 
twenty electric charges of the sodium gelatinate. 

Our present knowledge speaks against such an influence of the^ \>is- 
cosity of gelatin solutions upon conducti^dty. We prepared 1 per 
cent solutions of sodium, potassium, magnesium, and caldum gelat- 
inate, of pH = 7.0, by putting 1 gm. of finely pulverized commerdal 
Cooper’s gelatin (probably^ mostly caldum gelatinate) for 1 hour at 
20°C. into 100 cc. of jj:/ 4 NaCl or KCl, or MgClj or CaClj, and allowed 
the excess of salt solution to drain off b)’’ putting the gdatin on a 
filter. We then washed the gelatin on each filter six times in succes- 
sion with 25 cc. of HjO, melted the gelatin by heating to about 50°C., 
and added enough water to make a 1 per cent gelatin solution. The 
solution was cooled to 24°C. and the time of outflow through a ds- 
cometer, as well as the conductidty of each solution, was measured 
immediately, at 24°C. (Table I). We found the usual t 3 pical dif- 
ference in dscosity between Ca and Mg gdatiriate on the one hand, 
and Na and K gelatinate on the other. It is well knomi that the 
dscosity of a gelatin solution prepared bj' melting will increase on 
standing', espedally at a low temperature. The gelatin solutions 
were kept at about 2°C. for 2 hours and were then heated to 24°, 
and their dscosity and conductivity were again measured. All the 
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The second possible explanation is based on the assumption that the 
equality of conducti^dty is due to the fact that both types of solu- 
tions in equal concentration and 'for the same pH possess an approxi- 
mately equal number of charges. 

The idehtit}’' of equivalents combining with gelatin demands that 
twice as many gelatin molecules must combine -with one atom of Ca 
as with one atom of Na. For tlie sake of simplification we assume 
that one Na atom combines with one gelatin atom. This would 
mean that calcium gelatinate exists in the form of Ca gelatins or Cas 
gelatins or Cas gelatine, and sodium gelatinate in the form of Na gela- 
tin. In this case all phenomena will find their explanation if we as- 
sume that in the dissociation of Cas gelatins the four gelatin ions re- 
main aggregated in one group with four negative charges 

Cai Sclatins ^ -I- 4- [gelatinjs 

Such a dissociation would therefore yield three ions, one of which 
contains an aggregate of four negative gelatin ions. In order to ob- 
tain the same number of charges, four molecules of Na gelatin would 
be required, dissociating into four positive Na ions and four separate 
negative gelatin ions, making eight ions in all. This would demand 
a ratio of osmotic pressures for the two gelatin solutions of 3 : 8, which 
is slightly less than the ratio obsen'ed. The electrical charges w’ould 
be the same for the two solutions and the conducti^^ties would only 
show the difference due to differences in the ionic mobilities. 

If the dissociating complex in the case of calcium gLlatinate is Cas 
gelatine resul tins', in the formation of tliree Ca ions and one aggregate 
gelatine anion cari^dng six charges, the same number of charges would 
be carried by six molecules of sodium gelatinate dissociating into twelve 
ions. This would jdeld exactly the ratio of 1 : 3 for the osmotic pres- 
sure of solutions of calcium gelatinate and sodium gelatinate of the 
same concentration and conductixdty. 

If the aggregates consist of eight gelatin anions with four Ca ions 
the ratio of osmotic pressures would be 5: 16 wliich is also approxi- 
mately 1:3. ■ \ 

It is in reality only necessaiy'^ to assume the existence of com- 
pounds of the form Ca gelatin 2 , the two aruons of which form one ag- 
gregate of two gelatin anions, and to assume further that two, three. 
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